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The optical coherence tomography (OCT) is a fundamentally new type of non-
invasive optical imaging modality. This technology promises the capability of 
providing 2D/3D high resolution in vivo and in situ images and excellent optical 
sectioning for imaging multilayer microstructures of internal organs. Recently, in 
order to avoid destructive effects on tissues by using conventional excisional biopsy 
and reduce sampling errors, the idea of “optical biopsy” by utilizing endoscopic OCT 
(EOCT) has been introduced.  
        One main feature of EOCT is its miniaturization of the optical system and 
scanners in the sample arm of the OCT system. Initially, most catheters developed for 
EOCT are based on the assemblies of microprisms and single mode fibers (SMF) 
which are stretched or rotated by external actuation mechanisms. Their scanning 
speeds are quite limited due to the friction and inertia of the devices. The recent rapid 
growth of microelectromechanical system (MEMS) benefits modern EOCT catheters 
by offering compact, robust, high speed scanning, lightweight micro devices.  
        In this thesis, a bimorph electrothermal actuation-based MEMS micromirror 
integrated OCT probe is developed and its integration with a commercial OCT system 
having a 3 mm-diameter OCT probe is introduced. In addition, we also investigate (1) 
the function of the MEMS micromirror and the effects of curvature of the mirror 
platform on the optical performance of the OCT system, (2) the influence of housing 
shape on the image astigmatism and replacing it with a toroidal-lens equipped housing 





        For some clinical applications, full circumferential scanning (FCS) is highly 
desired. MEMS technology has recently demonstrated strong potential in biomedical 
imaging applications due to its outstanding advantages of, for instance, low mass, 
high scan frequency and convenience of batch fabrication. However, due to the nature 
of microfabrication processes, micromirrors are normally much thinner than 
conventional macro-scanning mirrors, and therefore, at high scan frequencies, the 
mirror plate loses its rigidity and tends to deform dynamically during scanning due to 
high out-of-plane acceleration forces. This introduces dynamic aberrations into the 
optical system and seriously degrades its optical resolution. In order to alleviate 
dynamic aberration and the mirror curvature issue induced by residual stresses that 
might exist in traditional thin MEMS micro-mirrors, a pyramidal polygon MEMS 
micro-scanner is developed together with a foul-pieces-in-one fiber-pigtail GRIN lens 
bundle to realize a compact EOCT probe. In this work, a large scanning range of 328° 
optical angle is provided by chevron-beam microactuator. 
        In order to make the MEMS device compatible with clinical applications, the 
surface temperature and the scanning speed are two key factors. Two types of 
electrostatic actuation MEMS micro-scanner are developed. One type is an 
electrostatic double T-shaped spring mechanism-based MEMS micro-scanner that 
provides static laser beam scanning with a 300° optical scanning angle, and the other 
one is an electrostatic micromachined resonating micro polygonal scanner that is 
capable of 240° optical angle scanning with a amplitude of 80 Vpp and a frequency of 
180 Hz.  
        For each of the proposed MEMS micro-scanner or micromirror, the design 
configuration, fabrication, modeling, simulation and performance testing are 
presented and discussed in detail. 
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Cancer is a leading killer disease worldwide. Although cancers in the breast, colon, 
rectum, cervix, prostrate, skin and the oral cavity are readily treatable provided they 
are diagnosed at a pre-invasive stage, early lesions in these tissues are often almost 
impossible to detect without regular screening [165]. A study has estimated that the 
five-year survival rate of patients with these types of cancers can increase to 95% if 
they are diagnosed during their localized pre-cancerous stage. Therefore, early 
detection of these precancerous lesions is essential to significantly reduce patient 
morbidity and mortality. Cancer researchers have estimated that more than 85% of all 
cancers originate inside the epithelium layer that lines the internal surfaces of organs 
throughout the human body; therefore it is of paramount importance to develop 
methods that can detect and diagnose cancers just below the tissue surface. 
        A wide variety of cancer detection and medical test methods have been well-
developed. The conventional cancer imaging techniques such as radiography, 
computed tomography (CT), magnetic resonance imaging (MRI) and ultrasound allow 
non-invasive investigation of large-scale structures in the human body and also permit 
three-dimensional (3-D) visualization. However, the relatively low imaging resolution 
of these existing diagnostic techniques makes the detection and diagnosis of many 
pre-cancers difficult if not impossible. For example, bronchial cancers are not 
commonly detected at curable stages since the pre-cancerous lesions are generally 




of methods such as conventional radiography, CT, and MRI is generally restricted to 
few millimeters in standard clinical practice, thereby preventing the detection of 
lesions less than 1 cm in diameter. Furthermore, for the inspection of internal organs, 
the currently used biopsy endoscopes are equipped with white-light cameras which 
can only visualize the surface morphological characteristics but not detect the pre-
cancerous lesions under the tissue surface.  
        Therefore, for cancer detection in the early and curable stages, imaging 
technologies capable of a much higher resolution (<20 μm) and imaging depth (in 
millimeter ranges) are highly desired. In addition, the detection methods should be 
simple, efficient, inexpensive and non-invasive to support the increase in the extent of 
prevalence and frequency of cancer screening exams among large populations.  
        Optical Coherence Tomography (OCT), as an emerging diagnostic medical 
imaging technology that is capable of producing high-resolution, cross-sectional 
images of biological samples, was first introduced in the early 1990s. It uses advanced 
photonics and fiber optics to focus an infrared light beam into a sample and low-
coherence interferometry to measure the echo time delay of the reflected light to 
determine tissue microstructure. The OCT imaging depth is limited by optical 
attenuation from tissue absorption and scattering to about 2 to 3 mm. A higher 
imaging resolution of around 10 μm can be achieved which is an improvement when 
compared with its earlier counterparts. The technology promises to have applications 
in a wide range of clinical situations; e.g. imaging tissue pathology when excisional 
biopsy is hazardous or impossible; guiding surgical procedures; and reducing 
sampling errors associated with excisional biopsy. The need for miniaturization of 




        In 1990s, spinning reflective components inside the EOCT probe head are used 
to scan light beam across the tissue in circumferential scan geometry for clinical trials 
[9-14]. This scanning arrangement allows the imaging probe to view only specimens 
that are directly adjacent to the probe head. The scan control of the probe is located 
outside the probe (proximal actuation) which increases the complexity of the control 
system. A non-uniform and low-speed scanning are other drawbacks. In addition, 
unwanted polarization effects that degrade image quality would be induced by the 
rotational torque on the optical fiber during scanning. 
        The recent growth of Micro-Electro-Mechanical Systems (MEMS) technology 
offers a revolutionary approach to implement compact, robust, light-weight, high- 
resolution imaging and batch production of EOCT in vivo imaging systems. By using 
the MEMS scanners, the scan controller can be located inside the probe head (distal 
actuation) which reduces the complexity of scan control and potentially at a lower 
cost. Due to the scanner’s miniature size, the overall diameter of the EOCT head can 
be very small (≤5 mm). Moreover, high-speed (high resonant frequency) and large 
transverse scans (large rotation angles) can also be achieved which enable real time in 
vivo imaging and large field of view, respectively. Therefore, a need for compact, 
robust, and low-cost scanning devices for EOCT has fueled the development of 
MEMS scanners. 
        In this thesis, various MEMS micro-scanners developed for specific clinical 
applications, including bimorph electrothermal actuation MEMS micromirror, MEMS 
chevron-beam electrothermal actuation based micro-scanner and MEMS electrostatic 
actuation based micro-scanner for EOCT probes are described and discussed. The 
configuration design, modeling, simulation, fabrication and performance testing are 




1.1 History of Endoscopy 
As a minimally invasive diagnostic and surgery medical procedure, endoscopy is used 
to assess the interior surfaces of a hollow organ or cavity by inserting a tube into the 
body. The endoscope not only provides an image for visual inspection and 
photography, but also enables the taking of biopsies and retrieval of foreign objects. 
        Historically, the first instrument developed to look into deeper cavities was 
probably the rectal speculum, mentioned in Hippocrates’ treatise on fistula [1]. The 
first endoscope with a light guide system to reflect light in deeply-located organs was 
developed in 1806 by Philip Bozzini with his introduction of a "Lichtleiter" (light 
conductor) for the examination of the canals and cavities of the human body. Some 
years later, in 1853, Antonin Jean Desormeaux described an open tube employing 
condenser lenses to increase the intensity of the illumination for the examination of 
the genitourinary passages [2]. The breakthrough of introducing a small distal end 
light source and telescope system in the endoscope was achieved by Max Nitze who 
developed the first cystoscope (1877) [3]. To overcome limitations of the Nitze 
optical system, H. H. Hopkins, a London physicist, devised the prototype of a new 
optical system in 1954 [4]. Lamm published a paper in a technical journal in 1930 that 
showed that light can still be transmitted through a bundle of optical fiber threads of 
several microns in diameter, despite the flexure [5]. Hopkins, a few years after 
Lamm’s report, demonstrated the flexible gastroscope at a meeting in Holland, but it 
was not accepted until Hirschowitz et al.’s historic article in 1958 [6]. The first 
televised bronchoscopy was reported in France by Soulas in 1956 [7] and in 1986, 
Berci G, et al. published the first report of the routine use of television laparoscopy by 




        Recent advances in various medical imaging technologies, including magnetic 
resonance imaging (MRI), ultrasound imaging, optical microscopy/spectroscopy and 
fluorescent imaging, significantly promoted and broadened the application scope of 
traditional endoscopy. 
        During that historic period known as the Renaissance, the famous inventions of 
printing, gunpowder and the mariner's compass occurred. Equally remarkable was the 
invention of the optical microscope: an instrument that enables the human eye, by 
means of a lens or combinations of lenses, to observe amplified images of tiny objects. 
It made visible the fascinating details of worlds within worlds. 
        In 1590, two Dutch spectacle makers, Zaccharias Janssen and his son Hans 
discovered that nearby objects appeared greatly enlarged. That was the forerunner of 
the compound microscope and the telescope. In 1609, Galileo, father of modern 
physics and astronomy, worked out the principles of lenses and made a much better 
instrument with a focusing device. The father of microscopy, Anton van 
Leeuwenhoek of Holland, developed new methods for grinding and polishing tiny 
lenses of great curvature which gave magnifications of up to 270 diameters, the finest 
known at that time. He was the first to see and describe bacteria, yeast plants, the 
teeming life in a drop of water, and the circulation of blood corpuscles in capillaries. 
Robert Hooke, the English father of microscopy, re-confirmed van Leeuwenhoek's 
discovery of the existence of tiny living organisms in a drop of water. Hooke made a 
copy of Leeuwenhoek's light microscope and then improved upon the design.  






Figure 1.1 Resolution and penetration of ultrasound, OCT, and confocal microscopy 
[159] 
        Optical Coherence Tomography (OCT) is an interferometric, non-invasive 
optical tomographic imaging technique offering millimeter penetration 
(approximately 2-3 mm in tissue) with micrometer-scale axial and lateral resolution. 
The technique was first demonstrated in 1991 with ~30 μm axial resolution [9]. After 
a period of rapid development in recent years, OCT has successfully evolved from the 
time domain systems [10-12], through Fourier/spectral domain systems [13-17] to the 
currently-dominating swept-source based systems [18-22] that possesses fast data 
acquisition rates of up to several hundred thousands A-lines per second. The 
technique demonstrated the capability of providing real-time high-resolution cross-
sectional images of a wide range of multi-layer tissues, such as retina, skin and 




provide good spatial resolution from 1 to 10 μm depending on the wavelength and 
bandwidth of the light source used and its imaging depth normally ranges from 1 to 3 
mm. As the optical analog of ultrasound, with the trade-off of lower imaging depth for 
higher resolution, OCT fills a niche between ultrasound and confocal microscopy, as 
illustrated in Figure 1.1. In addition to the higher resolution and greater imaging depth, 
the non-contact, noninvasive advantage of OCT makes it well-suited for imaging 
samples such as biological tissue, small animals, and materials.  
        Figure 1.2 shows the basic components of an OCT system. At the heart of the 
system is an interferometer illuminated by a broadband light source.  
 
Figure 1.2 Schematic diagrams of (a) Time domain OCT (TDOCT), (b) Fourier 





        Near infrared light generated from the low coherence light source is split into 
two equal or unequal parts by the Michelson interferometer which is usually 
implemented by a 2 × 2 fiber coupler or a beam splitter in a free space configuration 
and coupled into two arms, the reference arm and sample arm. Backscattered light 
collected from the tissue sample meets the light reflected from a fixed or scanning 
mirror in the reference arm and generates interference fringes which include depth-
resolved information of the tissue sample. Subsequently, the interference fringes are 
detected by a photodetector that converts optical signals into photocurrent for 
subsequent electronic signal processing. 
        Several kinds of OCT have been developed. In a TDOCT system [9], a scanning 
optical delay line is incorporated into the reference arm and scans over a certain 
distance equal to the imaging depth into the sample, as shown in Fig. 1.2 (a). A depth-
resolved profile of the sample which is called A-line can be obtained by translating a 
highly reflective mirror in the reference arm at a uniform speed and filtering the 
interference fringes signal acquired at the Doppler shifting frequency induced by the 
scanning mirror in the reference arm. A-lines reflect the refractive index difference in 
the sample in one-dimensional and a two-dimensional cross-sectional image consists 
of hundreds to thousands of A-lines. One of the main differences between OCT and 
other kinds of optical microscopy lies in its axial resolution which only depends on 
the central wave length λ and bandwidth of the broadband light source Δλ and is 
independent of the focusing condition of the objective lens. The axial resolution Δz 
which equals to the coherence length of the laser source is given as [23]. 
        In contrast to conventional microscopy, the mechanisms in OCT that govern the 
axial and transverse image resolutions are independent. The axial resolution in OCT 




resolution can be achieved independent of the beam-focusing conditions. The 
coherence length is the spatial width of the field autocorrelation produced by the 
interferometer. The envelope of the field autocorrelation is equivalent to the Fourier 
transform of the power spectrum. Thus, the width of the autocorrelation function, or 
the axial resolution, is inversely proportional to the width of the power spectrum. 
For a source with a Gaussian spectral distribution, the axial resolution Δz is     









                                                       (1.1) 
where Δz and Δλ are the full width at half-maximum (FWHM) of the autocorrelation 
function and power spectrum, respectively, and λ0 is the source center wavelength. 
The axial resolution is inversely proportional to the bandwidth of the light source and 
thus broad-bandwidth optical sources are required to achieve high axial resolution. 
        The transverse resolution for OCT imaging is the same as for conventional 
optical microscopy and is determined by the focusing properties of an optical beam. 
The minimum spot size to which an optical beam can be focused is inversely 
proportional to the numerical aperture of the angle of focus of the beam. The 
transverse resolution is 







                                                          (1.2) 
where d  is the spot size on the objective lens and f  is its focal length. High 
transverse resolution can be obtained by using a large numerical aperture and focusing 
the beam to a small spot size. The transverse resolution is also related to the depth of 
focus or the confocal parameter b , which is RZ2 , two times the Rayleigh range: 
                                                  0
2
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Thus, increasing the transverse resolution produces a decrease in the depth of focus, 
similar to that produced in conventional microscopy. 
        Figure 1.3 shows schematically the relationship between focused spot size and 
depth of field for low and high numerical aperture focusing. The focusing conditions 
define two limiting cases for OCT imaging. Typically, OCT imaging is performed 
with low numerical aperture focusing to have a large depth of field and low coherence 
interferometry is used to achieve axial resolution. In the limit, the confocal parameter 
is larger than the coherence length, b > z . The axial image resolution is determined 
by the coherence length and the transverse resolution by the spot size. In contrast to 
conventional microscopy, this mode of operation achieves high axial resolution 
independent of the available numerical aperture. This feature is particularly powerful 
for applications such as retinal imaging in ophthalmology or in catheter-endoscope-
based imaging where the available numerical aperture may be limited. However, 
operation in the low numerical aperture limit yields low transverse resolution. 
        Conversely, it is also possible to focus with high numerical aperture and achieve 
high transverse resolution at the expense of reduced depth of focus. This operating 
regime is typical for conventional microscopy or confocal microscopy. Depending on 
the coherence length of the light, the depth of field can be shorter than the coherence 
length, b < z . In this case, the depth of field can be used to differentiate 
backscattered or backreflected signals from different depths. This regime of operation 
has been referred to as optical coherence microscopy (OCM). It can be useful for 
imaging scattering systems because the coherence gating effect removes the 
contributions from scattering in front and in back of the focal plane more effectively 





Figure 1.3 Low and high numerical aperture focusing limits of OCT. [159] 
        A wide range of OCT scan patterns are possible as shown in Figure 1.4. The 
most common method of OCT scanning acquires data with depth priority. However, it 
is also possible to acquire data with transverse priority by detecting backreflections or 
backscattering at a given depth or range while transversely scanning the imaging 
beam. A cross-sectional image can be generated by detecting the backscattering along 
successive x scans for different z depths. It is also possible to perform OCT imaging 
in an en face plane. In this case, the backreflected or backscattered signals are 
detected at a fixed z depth, while scanning along successive x and y directions. This 





Figure 1.4 Scanning modes of OCT imaging systems: (a) cross-sectional scan priority; 
and (b) en face scan priority. [159] 
1.3 Endoscopic OCT 
OCT can generate high resolution, cross-sectional images of biological tissues in situ 
and in real time. It functions as a type of optical biopsy to enable imaging of tissue 
microstructure having a resolution approaching that of standard excision biopsy, 
without the need to excise the tissue specimen. One promising application of optical 
biopsy using OCT is the endoscopic imaging of the gastrointestinal (GI) tract. In 
contrast to conventional endoscopy, which can only visualize surface alterations, OCT 
is capable of detecting changes in tissue morphology beneath the tissue surface.  
 
Figure 1.5 (a) Conventional bench top OCT configuration; (b) Conceptual depiction 




      Miniaturization of the optics and scanners in the sample arm of the OCT system is 
a challenge for endoscopic applications as there is a trade-off between the size of the 
probe and quality of the OCT images. Figure. 1.5 illustrates the differences between 
the conventional bench top OCT optics and those in miniature probe OCT. The bench 
top optical microscope configuration utilizes two galvanometer mirrors for the x and 
y-axis scanning (Fig. 1.5 (a)). As there is no limitation of space, the quality of the 
image can be improved by having larger scanning mirrors and high intensity light 
beams of larger diameters. In the case of miniature optics (Fig. 1.5 (b)), the diameter 
of the probe restricts the overall dimensions of the micromirror / microprism and 
hence constrains the overall efficiency of managing the light beam incident on the 
sample and scattered light from the sample. 
1.4 MEMS-based endoscopy for OCT imaging 
 
Figure 1.6 (a) Conventional endoscopic OCT catheter by proximal end actuation; (b) 
MEMS based endoscopic OCT catheter by distal end actuation. [159] 
Recently, various miniaturized scanning mechanisms have been explored following 




mechanisms can be divided into two groups, proximal and distal scanning, based on 
the distance of the scanner to the light source as shown in Figure 1.6. Endoscopic 
applications of OCT and the idea of “optical biopsy” were firstly introduced nearly 
ten year ago [24, 25] and the most important task for scientists and engineers to 
implement OCT-based endoscopes was, and still is, how to miniaturize OCT probes 
and steer the near infrared light beam for delivering, focusing, scanning and collecting 
reflected signals from tissue samples at high efficiency. Furthermore, the optical 
probe must be flexible and have a small diameter to enable its entry into internal 
channels. Historically, early stage endeavors on miniature OCT probe 
implementations were mainly focusing on developments in manipulating single-mode 
fibers for scanning usage. Single-mode fibers for near infrared light transmission used 
in OCT systems are ideally suitable for this kind of purpose. To achieve side-view 
scanning, the general design of such a kind of probe consists of a mirror or a micro 
prism mounted at the distal end of single-mode fiber to deflect the focused beam from 
the optical fiber tip out of a window at the side of the probe. An external rotational 
mechanism, such as a motor, for circumferential scanning [26, 27] or a linear 
translation stage for transverse scanning [28] are connected to drive the single-mode 
fiber but scanning speed was limited to a few Hertz.  
        Micro-electro-mechanical System (MEMS), a new technology developed from 
the microfabrication processes of conventional Integrated Circuits (IC), enables the 
fabrication and system integration of actuators and sensors at micrometer scale. 
Micromirrors based on this technology have the merits of miniature size, low power 
and fast speed. Recently, many MEMS scanners based on various actuating 
mechanisms, such as electrothermal [29-32], electrostatic [33-36] and magnetic [37] 




(EOCT) application. The first implementations of MEMS based EOCT catheters 
utilized a single-axis electrothermal MEMS scanner [29] and an electrostatic MEMS 
scanner [33] to perform 2D front-view scanning for bladder cancer detection. The 
Complementary metal-oxide-semiconductor (CMOS)-MEMS process-based single-
axis electrothermal MEMS scanner involved is capable of steering an optical beam 
over the range +/- 15°, consuming about 15 mA current at 33 V drive voltage. With a 
165 Hz resonant frequency, the MEMS scanner provided 2D cross sectional images 
covering the image range of 2.9 mm by 2.8 mm [29] to 4.2 mm by 2.8 mm [31]. Their 
imaging frame rates were about 5 frames/second. In addition, an integrated force array 
(IFA)-based electrostatic MEMS scanner was also incorporated into EOCT imaging 
[33]. These devices are 1 or 3 mm wide and 1 cm long. They can produce strains of as 
much as 20% and forces of up to 13 dynes with applied voltages of +/- 65 V with the 
power consumption as low as only 2 mW. The imaging rate is about 4-6 Hz.  
        However, these single-axis MEMS scanner-based EOCT catheter designs are 
only capable of 2D imaging and have frame rate comparable to the conventional 
single-mode fiber-based EOCT catheters. They were not able to perform 3D imaging 
without any axial or lateral movements of the endoscope itself. To address this need, 
3D scanning MEMS based EOCT catheters [34-37] were then developed to provide 
3D images as a standard visualization tool for optical biopsy. These 3D catheters had 
the capability of 3D imaging as well as high-speed real-time 2D scanning of up to 
tens of Hertz. The increased imaging rate effectively avoided motion artifacts caused 
by human physiological motions and matched the requirements of real-time imaging 
with the help of evolved FDOCT / SSOCT systems with higher A-line acquisition 
rates. Most of 3D scanning MEMS-based EOCT catheters use two–axis MEMS 




electrostatic actuation [34], angular comb drive electrostatic actuation [35], 
electrothermal actuation [36] and magnetic actuation [37]. The two-axis MEMS 
scanner is integrated at the distal end of the catheter at an angle of 45° to the optical 
axis. Due to its general optical deflection of around +/- 20° on both axes, 3D images 
of 1 mm by 1 mm by 1.4 mm [34] / 1.8 mm by 1 mm by 1.3 mm [35] / 0.55 mm by 
0.55 mm by 1 mm [36] were acquired with imaging rates of up to about 1/30 Hz 
imaging rate. The low imaging rate is mainly attributed to the A-line acquisition rate 
limitation of current Fourier domain / spectral domain OCT systems. Recently, the 
development of Fourier Domain Mode Locking (FDML) laser source-based OCT [37] 
significantly increased the imaging rate by about 20 times and enabled real-time 3D 
imaging.  
        Piezoelectric actuators are attractive because they can generate large stresses and 
high-energy density; they can be operated within a large bandwidth and potentially 
require lower operating voltages. The induced strain is proportional to the applied 
electric field. An S-shaped PZT piezoelectric actuator [166] is conceptualized and 
various 2-D Lissajous patterns are demonstrated by superimposing two AC voltages 
(27Hz and 70Hz). The maximum measured optical deflection angles obtained at 3Vpp 
are 38.9° and ±2.1° respectively for bending and torsional modes. The mixed mode 
operation mechanism [167] is also reported by utilizing a gimbal-less piezoelectric 
actuation mechanism for 2D raster scanning applications.  The 2D scanning mirror 
actuated by 1 × 10 piezoelectric Pb (Zr, Ti) O3 (PZT) cantilever actuators integrated 
on a thin silicon beam. The ten PZT cantilever actuators are electrically isolated from 
one another. The device can operate in three modes: bending, torsional and mixed (or 
combinational) modes. The resonant frequency of bending mode and torsional mode 




result in the optical deflection angle of ±8° and ±4.6° correspondingly. A 2D raster 
scanning pattern was achieved in the mixed mode when the bending mode was carried 
out by cantilever actuators of 4–7 and the torsional modes were exercised by two 
different sets of cantilever actuators, i.e. 1–3 and 8–10, under opposite biasing 
direction. This mixed mode operation mechanism demonstrates the first 2D raster 
scanning mirror-driven beam actuators. 
        Various OCT probes have been developed for different clinical applications as 
shown in Figure 1.7, the performance comparison of which are listed in table 1.1. 
However, all of the current existing MEMS devices cannot fulfill the requirements of 
many clinic applications, for instance, intravascular or gastrointestinal investigation, 
where full circumferential scanning (FCS) detection is highly desired. Hence, it is 
essential to develop a MEMS device that is compatible and convenient to integrate 
into a FCS EOCT probe for specific clinic applications. This is the main objective of 
the research work reported in this thesis. 
 
Figure 1.7 EOCT optical probe assemblies and packaging (a) [34], (b) [114], (c) [162], 
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1.5 Organization of the Dissertation 
This study was divided into two phases. The first phase was the investigation of a 




followed by the integration of the MEMS device into an OCT probe. The second 
phase was to develop some circumferential-scanning MEMS micro-scanners for 
intravascular or gastrointestinal clinic applications. Chapter 2 provides the overview 
of MEMS and optical MEMS, especially focusing on actuation mechanisms and 
various structures of MEMS scanners.  
        Chapter 3 gives a description of the development of a two-axis bimorph actuator 
based MEMS micromirror and the integration of this MEMS device into a 3 mm 
diameter EOCT probe. The design, fabrication process and characterization of the 
MEMS micromirror and the probe assembly procedure are presented. In addition, 
system-level ex vivo image testing is carried out. 
        A newly-proposed Chevron-beam electrothermal actuation-based MEMS micro-
scanner for circumferential scanning is developed and the details of the design 
strategies, fabrication process and characterization of MEMS scanners are provided in 
chapter 4.  
        An electrostatic Double T-shaped spring mechanism based MEMS micro-
scanner is developed for circumferential scanning in chapter 5. A new fabrication 
process (diamond turning and soft lithography modeling technology) of pyramidal 
polygonal micro-scanner is also introduced. It is shown that high surface temperature 
problem is alleviated by using this type of MEMS device. 
        Chapter 6 presents the development of an electrostatic resonating MEMS micro-
scanner that is capable of high speed and stable circumferential scanning.  
        The final chapter presents the major conclusion of the research work and lists 







Technological Development of Optical MEMS 
As mentioned in the chapter 1, system miniaturization of the imaging endoscopes is 
one of the key obstacles in the clinical use of OCT imaging techniques in early cancer 
detections and diagnosis. The rapidly-developing MEMS technology which was a 
great breakthrough that enabled micro-scale devices and systems, has had great 
impact in almost all disciplines, and thus is naturally the first choice for realizing 
miniature optical scanning mechanisms. Most MEMS devices are based on silicon 
micro-fabrication techniques [38]. This chapter mainly reviews the current state-of-
the-art of MEMS optical scanners based on different actuation methods. It then 
presents the design principles of three types of actuation, namely the electrothermal 
bimorph, bent-beam electrothermal and electrostatic actuation. 
2.1 MEMS Optical Scanners 
MEMS optical scanners can be divided into two categories, reflective and refractive 
scanners. MEMS reflective optical scanners, also referred to as MEMS scanning 
micromirrors have been widely investigated in a variety of applications such as 
optical communication [39], optical switching [40-43], optical display [44,45], beam 
steering [46,47], and endoscopic imaging [29-36]. For biomedical imaging 
applications, the high spatial resolution requires a flat mirror surface (radius 
curvature > 0.3 m) and a large aperture size (> 0.5 mm).  
        Optical MEMS - the powerful combination of MEMS and micro-optics was first 




scanners and dynamic micromirrors for adaptive optics applications. However, around 
the early 1980s, the parallel-plate electrostatic torsional single crystal silicon (SCS) 
micromirror devices, with a maximum rotational angle of ±2° at resonance and 300 V 
driving voltage, were already under development at Texas Instruments (TI) where 
they eventually became the foundation of Digital Micro-mirror Device (DMD). 
During the 1990s, the first commercial realization of the DMD became feasible. The 
trend for optical MEMS during the next decade will be in revolutionizing photonics 
systems with breakthroughs in telecommunication, micro display and consumer 
electronics fields. These requirements are only achievable by optical MEMS, the 
combination of the two micro technologies of MEMS and micro-optics. Optical 
MEMS applications also include sensors, projection and mobile systems and devices.  
        Whether movable mechanical elements were included or not has become a 
criterion to distinguish MEMS devices from other micromachined devices, such as 
solid state devices [48], active and passive Si photonic circuits [49] and even 
microfluidic devices [50] which has become a popular hot topic of study recently. 
Therefore, the actuation mechanisms, i.e. how electrical drive signals generated by 
external sources are transferred into the mechanical deformation or motions of 
mechanical elements in MEMS devices, are challenging research topics which are 
studied in this project and will be reviewed in the following sections. In addition, the 
performances of MEMS devices also highly depend on how well their structures are 
designed. So a brief overview on the general structure of MEMS scanners will also be 




2.2 Actuation Mechanism of MEMS Scanner 
Single crystal silicon (SCS) micromirrors based on bulk-micromachining processes 
provide good mirror flatness with relatively large aperture sizes and thus have been 
preferred for further development. Various actuation methods, including electrostatic, 
electromagnetic, piezoelectric and electrothermal, are possible with the magnitude of 
the generation force, actuation speed and motion range being the key performance 
factors. A comparison of some commonly-used actuation methods is given in Table 
2.1. 







































































2.2.1 Electrostatic Actuators 
Most electrostatically-driven micromirrors are based on torsional rotation. Usually, 
there are two groups of electrodes: one fixed and the other movable. Voltage applied 
between the fixed and movable electrodes generates electrostatic forces which cause 
the mirror to rotate on the torsional axis until the restoring and electrostatic torqueses 
are equalized. The magnitude of the electrostatic forces mainly depends on the size of 
the overlapping area between the fixed and movable electrodes as well as the applied 
voltage. Currently the dominated actuation mechanism for MEMS scanners, 
electrostatic actuation can be classified into two groups: parallel plate (Fig. 2.1 (a)) 
and vertical comb drive (Fig. 2.1(b)). 
 
Figure 2.1 Side view of (a) parallel-plate type and (b) vertical comb drive electrostatic 
MEMS scanners. [163] 
        In the parallel-type MEMS scanners, the gap between the fixed and movable 
electrodes is a function of the rotation angle. The initial gap spacing should be large 
enough to accommodate the scan angle, but small enough for reasonable actuation 




can be implemented by surface and bulk micromachining technologies but assembly 
is required to elevate the mirror above the substrate and produce precise alignment of 
the fixed and movable electrodes. As an example, a polysilicon parallel-type scanner 
[51] with a 400 μm × 400 μm mirror had a static optical scan range of 28° and a drive 
voltage of 70 V. Its resonant frequency was 1.5 kHz. Two-axis scanning is achieved 
by means of electrostatic forces between the mirror and the quadrant electrodes on the 
substrate. In telecommunication applications, Dense Wavelength Division 
Multiplexing (DWDM) requires large port count Optical Cross Connection (OXC) 
which is the ideal application area for two-axis parallel-type electrostatic scanners. 
Square mirror arrays with up to 256 MEMS scanners have been demonstrated with a 
surface micromachined process for OXC applications [52-54].  
        The electrostatic vertical comb-drive (Fig. 2.1(b)) works more efficiently than 
the parallel-type one. The comb drive consists of a large number of interdigitated 
electrodes with quite small gaps of several micrometers. In the comb drive, the gap is 
held constant and the area of the electrode overlap is a function of the rotation angle. 
Since the equivalent area of overlapping electrodes of the comb drive is far larger than 
that of the parallel-type, the required drive voltage is obviously decreased. 
Decoupling of the mirror and actuator removes the restriction on the maximum 
deflection (scan angle) imposed by the geometry of the parallel plate. In addition, the 
pull-in associated with the parallel plate can be avoided in the vertical comb drive. 
The first MEMS electrostatic comb drives [55] were lateral comb drives formed in 
polysilicon. In these, the moving comb travels in-plane relative to the fixed comb, 
parallel to the substrate. Lateral comb drives have been used for scanning 
micromirrors [56], but vertical comb drives are much more prevalent. In the vertical 




perpendicular to the substrate. The first vertical comb drive [57, 58] was introduced in 
1995. Angular Vertical Comb-drive (AVC), as a improved type of vertical comb drive, 
have been implemented by a variety of methods and their typical performances were 
demonstrated as 3.2° (mechanical range) rotation at 108 V for a scanner with a 
resonant frequency of 1.4 kHz [59], and 50.9° optical scan range at the resonant 
frequency of 4.13 kHz at 30 Vdc plus 14 Vpp [60]. 
Parallel Plate Mechanism 
        The electric capacitance C between oppositely charged material bodies is defined 
by the amount of charge ±Q in Coulombs and the potential difference V in volts as 
follows: 
                                                           Q CV                                                            (2.1) 
For a pair of parallel plates:             






                                                           (2.2) 




), A is the area of 
the electrodes, g0 is the initial gap between the electrodes. 
        The electrostatic energy stored in the capacitor is increased by the work that is 
done to pump up a small charge dQ against a potential difference V=Q/C. Integrating 
the work (Q/C) dQ until the bodies are charged to Q, the total work (energy) can be 
written as 








                                                 (2.3) 
        Rewriting this equation in terms of voltage, we obtain the stored energy as 
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        Assuming a pair of conductive plates of infinite area placed in parallel with a gap 
g0, we artificially cut out a small fractional of area S, where the electrostatic flux is 
uniformly distributed with its direction normal to the surface. Applying Gauss’s law 







                                                         
to the closed surface containing the small upper plate, we obtain the field strength 
Eupper to be Q/ (2SƐ0). In the same manner, the field strength originated from the lower 
plate is Elower=Q/ (2SƐ0) in the same direction and therefore, the net field strength is 
Eupper+Elower=Q/ (SƐ0). The potential difference V can be obtained by multiplying the 
field strength by the plate distance g and thus, V=Q/ (SƐ0). Substituting this form in 
Eq. (2.1), the capacitance of the parallel plates is written as 





                                                           (2.5) 
        The principle of virtual work is used to derive the electrostatic force of the 
electrostatic actuator. We assume a suspended electrostatic actuator that has made a 
displacement x, counterbalancing with the electrostatic force F under a constant drive 
voltage V. When an imaginary small displacement ∆x occurs on the movable 
electrode toward the direction to increase the capacitance by ∆C, the electrostatic 
energy stored in the capacitor increases by 1/2(∆CV2). At the same time, the movable 
electrode gives a amount of work F∆x to external. The energy for these two 
components is contributed by the voltage source, which has given the capacitor the 
additional amount of charge ∆Q against the potential difference V. Hence, the energy 
balance is written as 
                                                   2
1
2
CV F x QV                                                 (2.6) 
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F x CV                                                           (2.7) 
        By taking the limit of ∆x→0, the output force of an electrostatic actuator driven 
by a constant voltage is written as 










                                     (2.8) 
Comb-drive Actuators 
Figure 2.2 illustrates a unit cell of the comb-drive electrodes of comb length l, width 
w, gap on the side g, gap on the comb tip s, and comb height h. The initial overlap of 
the opposing tips is written as l=s in this model. The tips are usually made without 
having overlap (l=s), such that the effective gap g, after the comb is engaged in 
operation, can be made smaller than the photolithography resolution, thus enabling 
electrostatic actuation at lower voltages. Having no overlap is also beneficial for 
extending the travel distance of the movable comb. 
 




        When the upper comb in Fig. 2.2 is displaced downward by travelling a distance 
x, the capacitor made at the comb tip is, using the gap-closing parallel plate model, 







                                                      (2.9) 
        On the contrary, the capacitor on the comb side can also be represented in a 
similar manner but with a sliding motion: 
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                                             (2.10) 
        The capacitor in the unit cell contains contribution from two side walls and two 
tips; thus, 
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                        (2.11) 
        Assuming that the comb fingers are arranged in a span W, the number of fingers 
is calculated to be N=W/2(w+g). Therefore, the total capacitor of an actuator is given 
as 
                                       
 
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h l s xw h W
C









                                 (2.12) 
        For calculating the electrostatic force of the comb-drive mechanism, one may 
substitute Eq. (2.12) into Eq. (2.8); hence, 
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                                    (2.13) 
        It should be noted that the fringing effect (field concentration) has been 
neglected in this first-order approximation model. The effect of the substrate (ground 
plane) is also not taken into account.  
        Figure 2.3 shows the capacitance Cunit as a function of comb position x, 




s=l=6 μm, and W=100 μm. In a small displacement range of up to 4 μm, the 
capacitance increases almost linearly with the displacement, thanks to the sliding 
component Cside. When the comb tip comes in to close the gap, the capacitance 
rapidly increases due to the contribution from the gap-closing effect of Ctip.  
 
Figure 2.3 Capacitance of comb-drive as a function of electrode position. [163] 
        Recalling the fact that the electrostatic force is proportional to the first-order 
derivative of the capacitance with respect to the position x, the linear range in the plot 
implies that the comb-drive mechanism is rather free from the pull-in effect. In an 
extreme case with a deep trench, s >> l, it is also possible to eliminate the effect of the 
capacitor at the tip Ctip, and the electrostatic force becomes 








                                           (2.14) 
        Equation (2.14) implies that the electrostatic force is independent of the comb’s 
geometry, namely, the overlap of the comb electrodes, but it is proportional to the 
square of voltage. It should also be mentioned that using a small gap g does not lead 




2.2.2 Electrothermal Actuators 
Bimorph and multimorph 
If two or more layers of dissimilar materials are grown adjacently to each other, 
actuation can be generated when they are heated since they have different coefficients 
of thermal expansion (CTE). These kinds of actuators are called bimorphs or 
multimorphs, depending on the number of the layers of the materials. A simple 
mathematical model can be used to describe their performance. 
        The cantilevered bimorph beam can convert the small strain difference between 
the two layers to a large displacement perpendicular to the strain plane. The actuation 
principle of electrothermal bimorph beams can be simply explained as follows: with 
the temperature change induced by say, Joule heating of an electrical current, the 
difference in thermal stresses between the two layers due to different CTEs leads to 
the bending of the cantilevered structure. 
        The stresses in thin films include extrinsic stress and residual internal stress. The 
extrinsic stress is from external factors such as packaging, and the thermal stress due 
to the different CTE between the thin film and substrate or other thin film materials. 
There are two types of residual internal stresses, compressive and tensile stress. The 
compressive stress leads the thin film to have an in-plane expansion tendency while 
the tensile stress tends to contract the thin film parallel to the substrate. The residual 
stress mainly consists of the thermal stress, resulting from deposition temperature 
conditions and the intrinsic stress formed during film nucleation [61, 62]. Through 
measurement of the surface curvature by a wafer curvature (disk) method, the stress in 
thin films can be derived from the Stoney equation [63] as: 
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where Es and vs denote the Young’s Modulus and Poisson’s ratio of the substrate 
material, ts and tf are the thicknesses of the substrate and thin film, respectively, and rs  
and rsf are the radius of curvature before and after the thin film deposition, 
respectively.  
        Bimorph cantilever beams usually have an initial curling after being released 
from the substrate. This curling is beneficial for generating a large out-of-plane initial 
rest position to achieve a large scan range for optical scanners. Due to the fact that the 
tensile-stressed material tends to contract while the compressive-stressed one tends to 
elongate, the bimorph beam with the tensile material on top curls upward while the 
bimorph beam with the compressive material on top curls downward, as illustrated in 
Fig. 2.4. This initial curvature r0 as related to the residual stresses can be expressed by 
[64]: 
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where t1 and t2 are the thicknesses of the two layers, respectively, Ɛ01and Ɛ02 are the 
linear strains due to their residual stresses, and E'1 and E'2 are the biaxial elastic 
moduli which are related to Young’s modulus and Poisson ratio in the following 
manner: 
                                                      (1- )'E E / v                                                      (2.17) 
Let β denote: 
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and ∆Ɛ0 as the difference of linear strain due to residual stress. The initial radius can 









                                                   (2.19) 
        The above analysis applies to thermally-induced curvature as well. The 
thermally-induced strain for each material can be expressed as: 
                                                              t a T                                                      (2.20) 
where a is the temperature coefficient of expansion. The different strain resulting 
from CTE difference leads to the thermally-induced curvature: 







                                           (2.21) 
        The initial curvature and the thermally-induced curvature are additive and result 
in the final bending radius: 
 
Figure 2.4 A side view of the bimorph beams with initial upward curling. [163] 




                                                     (2.22) 
        Note that the thermally-induced curvature is negative if the tensile-stressed 
material has a larger CTE than the compressive one because the heated bimorph will 




tip which is approximately to equal the arc angle of the curved beam can be expressed 
as Eq. 2.23. 








                                      (2.23) 
where θ0 is the initial tilting angle and θt is the actuation angle caused by the 
temperature change. The temperature change along the bimorph beam is usually not 
uniform as the ideal case and thus the actuation angle is usually expressed by the 
average temperature change ∆T on the bimorph beam [65]. 





                                                (2.24) 
        An equivalent force generated at the tip of the bimorph beam induced by the 
temperature change can also be defined [66]. The deflection of the bimorph beam due 
to temperature change can be counteracted by an assumed external force Feq applied 
at the tip to keep the beam at a fixed position. This external force can be related to the 
tip deflection δb of the cantilever beam by: 
                                                            eq b bF K                                                      (2.25) 
where Kb is the spring constant of the cantilever beam, is given by: 








                                                     (2.26) 
E is the equivalent Young’s Modulus of the bimorph beam, and w, t and l0 are the 
beam width, thickness and length respectively. As for small deflections, it can be 
approximately related to the thermally induced bending radius rt , and eventually to 
the temperature-change by plugging in the thermally-induced curvature (Eq. 2.21) as: 
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        From the linear relationship between temperature change and actuation angle as 
shown in Eq. 2.24, the sensitivity of the bimorph actuation can be simply defined as 
the achievable actuation angle per degree Kelvin: 
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                                                (2.29) 
which is linearly dependent on the bimorph beam length and CTE difference of the 
bimorph materials. Other parameters that affect sensitivity include the beam thickness 
of each layer and the mechanical properties involved in the curvature coefficient. As 
expressed by Eq. 2.21, the curvature coefficient is strongly dependent on the thickness 
ratio for given materials. By defining thickness ratio ζ=t1/t2 and the ratio of the biaxial 
elastic modulus of each layer χ=E1'/ E2', the unit-less curvature coefficient can be 
expressed as: 












                                      (2.30) 
        For a given total thickness, the condition to meet the maximum value of 
curvature coefficient can be easily found, by setting the partial derivative of β with 
respect to the biaxial modulus ratio equal to zero [55], i.e.: 
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        Under this condition, the curvature coefficient β has a constant value of 1.5 for 
all materials. This simplifies the material selection and steady-state mechanical 





        For a multimorph actuator, similar equations can be obtained to describe its 
performance and can be used to design a specific multimorph to fulfill a specific 
requirement. 
        One of the major issues for both bimorph and multimorph is the bending of the 
actuator along the perpendicular direction of the layered structure once it is released 
from the substrate, resulting in an unpredictable initial position. The bending is caused 
by the residual stress in each layer. The residual stress consists of two components: 
thermal stress and intrinsic stress. While the thermal stress due to CTE mismatch is 
the basis for thermal actuation, the intrinsic stress affects the repeatability and 
reliability. The intrinsic stress results from the defects, grain size, reorganization of 
the structural material, etc., during the fabrication process flow. Research has found 
that the intrinsic stress can be mitigated by ion beam machining and rapid thermal 
annealing (RTA) [64, 65], thereby eliminating the initial bending of the released 
bimorph actuator. 
        Experiments have found that bimorphs show very good reliability, with less than 
±2% hysteretic error [66] and that they can be operated up to several million of cycles 
of actuation without observable degradation. 
        The physical properties of some commonly-used materials in micro-fabrication 
are listed in Table 2.2. In the Table, the materials are divided into three groups: 
semiconductor substrate including Si, SiO2 and Ge; metal thin film; and polymer, 
including SU8 and PDMS which is widely used in microfluidic and bio-MEMS 
applications. As can be seen from Table 2.2, Al and SiO2 have relatively large CTE 
differences and thus can provide high actuation sensitivities. Both Al and SiO2 are 
among the most common materials used in MEMS micromachining and are cost 




sources. Therefore, Al and SiO2 are selected for the bimorph actuator material in this 
part of the work. As for the heater, Poly-Si is a convenient material. However, the 
embedded polysilicon heater exhibits hysteresis problems and self-annealing effects 
which limit its stable scanning range. For instance, a hystersis problem was observed 
in ref. [60] and self-annealing effects of Poly-Si embedded bimorph beams causes an 
unstable scan at high voltages in [61]. Instead of polysilicon, platinum (Pt) is another 
good choice that has been widely used in MEMS gas sensors and anemometers owing 
to its long-term stability of mechanical and electrical properties at high temperatures 
[67, 68]. It also has relatively large temperature coefficient of resistivity (TCR) 
compared to polysilicon, and thus has potentially better sensitivity when used as a 
temperature monitor on electrothermal actuators. 















Si 2.42 162 2.6 0.691 149.170 
SiO2 2.66 740 0.4 0.84 1.411 
Si3N4 3.19 155 2.8 0.711 18.5 
SiC 3.2 457 3.5 - 86.5 
Poly-Si 2.33 160 2.3 0.754 - 
Ge 5.323 102 5.75 0.32 60 
Al 2.692 690 23.0 0.9 235 
Au 19.4 800 14.3 0.129 318 
Cr 7.19 140 5 0.447 90.3 
Ti 4.51 116 8.6 0.523 21.9 
Cu 8.95 120 16.7 0.387 401 
Pt 21.5 147 8.9 0.133 73 
Pb 11.48 160 28.7 0.128 35 
SU8 1.2 4 60 1.675 20 
PDMS 0.097 6e-4 0 1.46e-30 0.15 





While bimorph and multimorph typically offer displacement and force perpendicular 
to the substrate, another type of thermal actuator called the pseudo-bimorph actuator 
can offer displacement and force parallel to the substrate. It was first reported by 
Guckel in the early 1990s [76]. This actuator is made of just one single layer of the 
structural material and thermal expansion difference results from different Joule 
heating arising from different resistances, of the two differently shaped arms in the 
structure. 
 
Figure 2.5 Schematic of (a) design I and (b) design II of pseudo-bimorph actuator. 
[163] 
        There are two main types of pseudo-bimorph. In both cases, it has two arms 
connected in a U-shape. One design has two connected arms of different widths but 
the same length (Figure 2.5(a)). The other design, in contrast, has two arms of same 
width but different lengths (Figure 2.5(b)) [77]. When current is passed through the 
beams of the actuator shown in Figure 2.5(a), the narrower beam becomes hotter than 
the wider one due to its larger resistance. Thus, it expands more than the wider beam. 
Since the two arms are joined at their free ends, an arc deflection of the tip of the 
actuator toward the cold wider beam occurs. A deflection of several tens of 
micrometers and an output force of several tens of micronewtons can be generated for 
a 200 to 300 mm-long polysilicon actuator with a power consumption of about 40 




        Assuming that the temperature difference between the hot and the cold beam is 
THC, the deflection of the tip is given by the following equation [76]: 










                                       (2.32) 
where a is CTE, g the gap between the hot and cold beams, L the half-length of the 
hot and cold beams and t the thickness of the structural material. For this structure, the 
deflection of the tip is independent of the Young’s modulus E of the material, which 
is confirmed by measured data and finite element analysis [76]. 
        In the design shown in Figure 2.5(b), when the current is passed through the 
beams, the heat generated in the conductive long and short beams causes the 
temperature to rise. Owing to the difference between the temperature increment ∆TL 
in the long beam and the temperature increment ∆TS in the short beam (∆TL> ∆TS), 
and because of the different beam lengths (LL >LS), the long beam has a greater 
elongation than the short beam. Therefore, the long beam curls toward the short beam. 
        Actuation out-of-plane to the substrate can be realized by arranging and 
modifying the pseudo-bimorphs accordingly. Two designs are schematically shown in 
Figure 2.6 [78]. 
 
Figure 2.6 Two designs of a vertical electrothermal actuator: (a) hot beam in the 
middle and (b) cold beam in the middle. [163] 
        Vertical displacement is achieved by the thermal mismatch between the hot and 




modeling have found that the device with the hot beam in the middle (Figure 2.6(a)) is 
a better design, because it has a consistent temperature difference between the hot and 
cold beams thus maintaining a repeatable up-and-down movement. 
        Reliability testing of loaded pseudo-bimorphs fabricated using the SUMMiT
TM
 
process developed has been performed. Some devices can be operated up to 980 
million cycles at 2 kHz and still reach their full deflection at the end of the test [79, 
80]. 
Bent-beam actuator 
Using just a single structural material, a class of widely-used electrothermal actuators, 
bent-beam actuators [81-88], has been developed by Gianchandani’s group in 1998 
and Howell’s group in 1999. It offers large in-plane, rectilinear displacement and high 
output force, in contrast to the arc motion provided by pseudo-bimorphs.  
        A sketch of the basic one-level cascaded bent-beam electrothermal actuator is 
shown in Figure 2.7. It consists of a V-shaped beam anchored at both ends. When an 
electric current is passed through the beam, thermal expansion caused by Joule 
heating pushes the apex outward. The displacement of the apex is a function of the 
beam dimensions and slope, given the same actuation voltage. The force generated at 
the apex is linearly related to the displacement. It can easily offer a peak force of up to 
several millinewtons, about 200 times the forces in electrostatic comb drives of 
similar dimensions. Furthermore, the output force and displacement can be easily 
scaled by modifying the dimensions and slopes of the beams. Larger forces can be 
generated by placing these actuators in parallel, whereas larger displacements up to 





Figure 2.7 A basic (left) and one-level cascaded (right) bent-beam actuator. [163] 
        The life of a bent-beam actuator can extend beyond several tens of millions of 
cycles, depending on the design and actuation temperature. The speed of the actuator 
has been evaluated experimentally and can also be estimated by the electrothermal 
model previously described as well [89]. Besides the thermal mass, the different heat 
transfer paths in air and vacuum also affect the temperature response time and 
consequently, the speed of the bent-beam actuator. The mathematical model has 
shown that the time for the cooling cycle is much shorter in air than in vacuum since 
the heat loss and conduction is much faster in air. The theoretical predictions match 
reasonably well with experimental results. Typical response time is in the order of 
milliseconds and can be reduced to the sub-millisecond range if the thermal mass is 
cut or the displacement is reduced as mentioned earlier. Furthermore, the response can 
be enhanced and power consumption reduced dramatically if a pulsed actuation or 
burst-pulsed actuation scheme is implemented. More details can be found in [88] and 
[89]. 
Electrothermal modeling 
Electrical current applied via contact pads to the beams provides the electrothermal 




thermoelastic reaction, this process causes the beam to expand. The thermoelastic 
behavior results in actuation of the structure. A single thermoelastic beam pair is used 
to represent the functionality of the full symmetric chevron actuator, while the beam 
pair consists of many one-dimensionally small elements. Based on fundamental heat 
transfer, the power storage in each element is obtained from following equation: 
                                       s ohm conds conde rad convQ Q Q Q Q Q                                   (2.33) 
where Qs is the internal energy storage in the element, Qohm the ohmic heating, Qconds 
the heat conduction from the beam through the air and silicon to substrate, Qconde the 
heat conduction between the elements to the boundary, Qrad the radiation and Qconv is 
the convection. Since convection heat transfer can generally be ignored in micro-scale 
devices, the above equation can be simplified as 
                                            s ohm conds conde radQ Q Q Q Q                                        (2.34) 
Ohmic heating can be derived from 
                                                            20ohm iQ I R                                                   (2.35) 
where I0 is the current through each element and Ri is the resistance of each element. 
Qconds uses a shape factor to estimate the heat conduction between the beam and 
substrate of each element, i.e. 
                                                        ( )conds sub i
a sS AQ T T
G
                                       (2.36) 
where Sa is the shape factor and G represents the width of the beam of each element. 
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The parameter h is the height of the beam, gas represents the air gap between the beam 
and substrate and w represents the width of the beam of each element. 
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where t0 is the thickness of oxide and kair, k0 represent the thermal conductivities of air 
and oxide respectively. The conduction on the ith element is approximated by 
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where Ac,i-1 and Ac,i+1 are the cross-section areas of the left and right elements 
respectively and le represents the length of each element. The radiation heat transfer 
can be found from 
                                                        4 4( )rad env iQ A T T                                          (2.40) 
where Ɛ is the emissivity of the single crystal silicon, σ is Boltzmann’s constant and 
Tenv is the environment temperature. Finally, the temperature T (j+1) of the each 
element at time j+1 can be represented as 
                                                     
Δ
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where ∆t is the time step, Cs is the specific heat of single crystal silicon and Mi is the 
mass of each element. With the temperature distribution available, the total thermal 
strain energy of the beam can be calculated correspondingly for thermo-mechanical 
modeling. 
Thermomechanical modeling 
A temperature change in the indeterminate thermoelastic beam will usually produce 
thermal stress and strain. Assuming the thermal actuator is working within the elastic 
deformation limit and the inelastic strain energy can be ignored, the thermal strain 
energy within each element can be expressed as 












                                                            oea Tl                                                       (2.43) 
and E is the Young’s modulus, EA/loe is the stiffness, δ is the elongation due to the 
temperature increase ∆T, and loe is the original length of each element. One can obtain 
the total thermal strain energy of a thermoelastic beam as  
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where n is the number of elements. 
In Figure 2.7, the displacement ∆X of a symmetrical chevron beams actuator can be 
approximated by the energy method. The displacement is independent of the number 
of beams when no external load is applied. Assuming the deflection is small 
compared the size of the structure; the single clamped-clamped beam model has the 
flexibility compatibility equation  
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                            (2.45) 
where Ep is the potential energy of the thermoelastic beam with respect to the 
displacement ∆X shown in Figure 2.7, I is the moment of inertia and θ1 is the offset 
angle. Assuming all the thermal strain energy is transformed to the structure’s 
potential energy, i.e. Etotal=Ep, from equation (2.45), the displacement of the chevron 
can be calculated from following expression. 
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Clearly, device performance can be altered by changing the geometry of the beam. In 
general, the peak displacement of a beam at a given temperature can be increased by 




2.2.3 Piezoelectric Actuators 
Piezoelectric actuators are attractive because they can generate large stresses and 
high-energy density. They can also be operated within a large bandwidth and 
potentially require lower operating voltages and their induced strain is proportional to 
the applied electric field. The same material can be used as the sensor, based on the 
inverse effect, by measuring the piezoelectric voltage or the piezoelectric current 
charge when the separated electrodes are prepared. Their disadvantages are the 
smaller displacements and the need to develop the delicate deposition process of the 
material. A thick film (1–100 µm) is necessary for the actuator. The deposition of 
piezoelectric material including the preparation of electrodes and the micromachining 
process is a challenging task. To avoid the deposition process, an external bulk 
piezoelectric actuator is sometimes assembled with passive micromachined structures 
[91]. 
        For amplifying the small displacements of the Lead zirconate titanate (PZT) film 
and generating angular displacement of the mirror, the micromirrors are frequently 
combined with adapted mechanisms. Figure 2.8 shows a schematic drawing for 
generating a large rotation of a mirror by using a pair of piezoelectric unimorph 
actuator beams. With the driving voltage, the right beam curves downward because of 
expansion of a PZT film, whereas the left beam bends upward as a result of film 
contraction when a reverse polarity is applied there. These bending motions are 






Figure 2.8 A typical mechanism of generating rotational motion using a pair of 
piezoelectric unimorph actuator beams. [92] 
        A 1D microscanner [93] has been reported utilizing a cantilever structure that is 
driven by PZT film and deforms the center hinge, generating a steep angle 12.5° 
around the torsion bar. The scanner has a multilayered structure comprising Pt (0.2 
mm)/Ti (0.05 mm)/PZT/Pt (0.2 mm)/Ti (0.05 mm)/SiO2/Si. The PZT film is deposited 
by chemical solution deposition. 
        A commercially-available solution (PZT-20, Kojundo Chemical Co., Japan) with 
a Pb: Zr: Ti ratio of 120:52:48 is used as the precursor solution. Coating, drying 
(120°C), pyrolysis (250°C), and rapid thermal annealing (630°C) are repeated more 
than ten times to form a 1.1-µm-thick PZT film [94]. A scanning angle of 25° at the 
driving voltage of 20 V is demonstrated at the resonant frequency. 
        Yasuda et al. [92] reported some design for 2D optical scanners. Arc discharged 
reaction ion plating is developed for depositing a thick PZT film. A double-gimbal 
structure is used to tilt the elliptical mirror (1 mm×2 mm) at the center about axis. An 




fast motion of the mirror around the x-axis. A slow scan around the y-axis is made 
using an outer set of long torsion bars and larger U-shaped actuators. 
2.2.4 Magnetic Actuators 
As is known, the size of the mirror has to be large in OCT to obtain fine spots. Since 
the mirror size can be a few millimeters, electromagnetic force is an attractive 
candidate for actuation of the mirror. Papers on electromagnetic scanners can be 
found from 1991 onwards [95]. Figure 2.9 shows a schematic drawing to explain how 
the torque is generated. A one-axis mirror is shown for simplicity. The basic design 
consists of an integrated planar coil on a micromirror plate. When placed in an 
external field of magnetic flux density B, applied in a direction perpendicular to the 
torsion bars, the current I in the driving coil generates paired Lorentz forces FL=i×B. 
The paired forces are generated on the coil and pure torque is obtained for driving the 
mirror, where the center of rotation is at the center axis of the coil. The 
electromagnetic force and the driving torque are proportional to the current I0. This 
linearity is advantageous for operation. After the mirror tilts, the restoring forces of 
the torsion bars are balanced by the corresponding rotational torques. Since the 
restoring torque of the torsion bar is nearly linear against the rotation angle, the 
system is stable. Control of the tilt angle is effected by controlling the magnitudes of 
the currents I0. 
        A series of electromagnetically-driven micromirrors are commercially available 
from Nippon Signal Co. Ltd. A 2D micromirror is shown in Fig. 2.9. The tilt angle is 
in the ±10° range and the resonance frequency is a few kilohertz. The mirror size 





Figure 2.9 Schematic drawing for showing the electromagnetic driving. [163] 
2.3 Current Research work to attain Higher Performances 
2.3.1 Large Rotation Angle with Low-Voltage Driving 
Generally speaking, the performance of a scanning micromirror is determined by the 
maximum scan angle, resonant frequency, resolution, and surface quality with respect 
to flatness and smoothness. The preferred micro-fabrication technology as well as the 
performance is closely linked to the required size of the micromirror and therefore the 
length scale is a convenient way to classify MEMS scanners. A summary of the 
applications and main fabrication technologies of various micromirror devices with 
length scales ranging from micrometers to millimeters is shown in Figure 2.10. High-
resolution imaging applications require large mirrors and large scan angles. The 
resolution, as defined by the number of resolvable spots, is a function of the beam 
divergence and the scan range (Figure 2.11) as shown in the following equation: 









where: δθ is the beam divergence, θmax is the total optical scan range, D is the mirror 
diameter, λ is the wavelength of incident light, and as is the aperture shape factor 
(as=1 for a square aperture and 1.22 for a circular aperture). 
 
Figure 2.10 Applications and fabrication technologies for micromirror devices with 
length scale ranging from micrometers to millimeters. [164] 
 
Figure 2.11 Simplified diagram showing reference for maximum scan angle and beam 
divergence for scanning micromirror. [164] 
        Imaging or display applications involving raster scanning require a dual-axis 




D scanners or by a single biaxial scanner typically designed with a gimbal structure. 
The maximum scan speed is dictated by the resonant frequency which is in turn 
determined by the mechanical properties of the scanner, specifically the mass and 
spring constant of the support beams. 
        The natural frequency for torsional displacement is given by: 
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where Im0 is the mass moment of inertia, k is the spring constant, D is the diameter of 
mirror, ω0 is the natural frequency, and m is the mass of the mirror. 
        Very large mirrors with a length scale of more than 2 mm benefit from 
electromagnetic actuation since the Lorentz force is proportional to the mirror area. 
To maintain the flatness of large mirrors, such devices are typically fabricated in 
single crystal silicon (SCS) derived from a bulk substrate or silicon on insulator (SOI). 
In the 250 μm to 1 mm range, electrostatic actuation is more advantageous and current 
trends favor high-force electrostatic comb-drives over parallel plate-type actuators 
and SOI MEMS over surface micromachining. For micromirror devices below 250 
μm, surface micromachining offers higher integration and multi-level interconnect 
capability, features which are ideal for large mirror arrays consisting of small 
component scanners. In this review, the focus is on large-area scanners. 
        Much research has been devoted to realizing a larger rotation angle with lower-
voltage driving, especially for the electrostatic actuator. Established systems usually 
operate with 5, 12, or 24 V DC sources. Fundamentally, there are two methods for 
decreasing the driving voltage. One is increasing the driving force and the other is 




methods, Hah et al. [96] reported a poly-Si micromirror fabricated by surface 
micromachining (Sandia’s ultraplanar multilevel MEMS technology-V, SUMMiT-V). 
The vertical comb-drive actuators and torsion springs are placed underneath the 
mirror (of size 137 µm×120 µm). For the device which has 0.5-mm finger spacing, a 
scan angle of 5.9° is obtained at 6 V bias. The finger length is 30 µm. The spring is 1 
µm in width and thickness and 55 µm in length on each side. Since the design enables 
both the plus and minus angles, the total mirror rotation angle is 11.8°. The maximum 
angle is limited by the vertical pull-in instability due to the residual parallel plate 
capacitance between the mirror and the fixed fingers. As the finger gap spacing 
increases, the maximum continuous angle decreases due to the pull-in phenomenon. 
The resonant frequency of the mirror ranges from 3.4 to 8.1 kHz. 
        The torsion bar is frequently designed as the form of a serpentine spring. This 
folded bar is softer not only for rotation but also for vertical and in-plane 
displacement and rotation. The resultant mirror’s motion depends on the balance of 
the spring constants for many modes of the mirror motion. The spring constant for the 
mirror rotation should be minimized while maintaining a certain amount of rigidity in 
other motions. The serpentine spring helps to alleviate many problems in design but 
often does not completely solve the satisfactorily. 
        The thin-film torsion bar has been proposed to decrease the rotational spring 
constant in ref [97]. The tension inside the torsional bar increases the rigidity against 
any unwanted mirror motion, which will be the limiting factor of the maximum 
rotation angle. 
2.3.2 Accurate Rotation Angle Control 
In general, micromirror applications require the mirror to rotate, and hence, servo 




realizes a high accuracy of mirror rotation angle by using a rotation angle sensor. 
Consider a simple example of the laser printer of 600 dpi and suppose an optical arm 
of 10cm. Neighboring dots will be generated by a 0.012° mirror rotation. The required 
accuracy will be of the order of 0.001°, a level that cannot be guaranteed by simple 
open-loop control. Added to the fact that some microactuators have hysteresis in their 
motion (e.g., piezoelectric actuation), feedback control of the rotation angle based on 
a sensor is desired. Optical Cross Connection (OXC) implements feedback control by 
monitoring the light intensity signal. Specifically, optical signals are demultiplexed, 
and then the demultiplexed wavelengths are switched by optical switch modules. 
After switching, the optical signals are multiplexed onto output fibers by optical 
multiplexers. The OXC system becomes complex because the combination of the 
optical signal and the feedback loop changes from time to time. Since the driving 
circuits have a minute difference in their performance, the controlling method 
becomes complicated. Integrating the sensor inside the micromirror device is 
attractive for making the system simple and reliable. The same sensor signal and 
driving circuit can be used for controlling the same micromirror. 
2.3.3 Lightweight Flat Mirror 
The base micromirror structure can be prepared from the silicon. The Si layer has 
little stress (although it is known to have slight compressive stress) in the SOI wafer. 
As for the poly-Si film used in surface micromachining, the film stress is known to 
decrease to nearly zero when the film (on the Si substrate) is annealed at high 
temperatures (e.g., >1100°C, 30 min) [98]. However, the micromirror usually needs a 
metallic coating for high reflectivity. In general, the deposited film introduces stress, 





        Another method for compensating the mirror deflection is to deposit additional 
coatings to cancel out the initial deflection. There is an optimal combination for 
achieving optical flatness as well as high reflectivity simultaneously [100]. This 
curvature of the initial compensation is possible with a single additional coating layer 
or with multiple numbers of coating layers. 
        Although having a thicker Si layer is a simple and practical solution, there is a 
trade-off with the resonant frequency. The resonant frequency decreases due to 
increase in inertia. The flat mirror with the low inertia is ideal. 
        A mirror having honeycomb structure for its core has been proposed for 
decreasing the inertia whilst maintaining the rigidity of faceplate [101]. The 
honeycomb structure consists of c-Si hexagonal cells with sides of 100 µm and wall 
thickness of 10 µm. These honeycombs are prepared using timed deep reactive ion 
etching (DRIE) of the Si layer of an SOI wafer such that a thin layer forms the mirror 
face. 
2.4 Conclusion 
Various actuation mechanisms, including electrostatic (parallel plate and comb-drive), 
electrothermal (bimorph, multi-morph, pseudo-bimorph and bent-beam), piezoelectric 
and magnetic actuators have been introduced in detail for OCT imaging applications. 
As can be seen, there are many factes to take into account in designing and 
developing optical MEMS micro-scanner. The choice of values of the parameters of 








A Bimorph Electrothermal MEMS Micromirror 
for OCT 
Optical coherence tomography (OCT) is fundamentally a new type of optical 
modality. In OCT, high resolution and cross-sectional tomographic images of the 
internal microstructure of certain materials and biological tissues are captured by 
measuring the backscattered or back-reflected light. Pioneering works on OCT was 
conducted by Huang et al. [102] and has evolved from time domain systems as 
described by Swanson et al. [103] and Drexler et al. [104] to the recently-dominant 
Fourier domain systems as demonstrated by Fercher [105], Häusler [106], and Yun 
[107]. Huber [108] extended the effort by focusing on swept source systems. 
Endoscopic applications of OCT, or so-called "optical biopsy", have been developed 
for cancer detection as an attempt to reduce the traumatic consequences arising from 
conventional excisional biopsies. Recently, Microelectromechanical Systems 
(MEMS) have started to play an important role in the development of OCT probes. 
The integration of post-objective distal scanning MEMS devices into OCT probes was 
aimed at enabling high-resolution three-dimensional optical imaging. The 
micromirror, as the core component of a MEMS-based OCT device, can be driven by 
various actuation mechanisms such as electrothermal as described by Xie et al. [109] 
and Pan et al. [110], electrostatic by Zara et al. [111] and Jung et al. [112], magnetic 
by Kim et al. [113] and pneumatic by Aljasem et al. [114]. The miniaturization of 




to the trade-off between the probe size and the OCT image quality. Xu et al. [115] 
described a MEMS OCT probe with 4 mm outer diameter encasing a 500 µm-
diameter MEMS micromirror as the optical steerer. It was noticed that the low signal-
to-noise ratio (SNR) of the captured OCT images could be due to insufficient light 
collected from the 500 µm diameter mirror platform. In addition, they determined that 
the traditional cylindrical housing was responsible for astigmatism in the images. 
        In this chapter, the integration of a commercial OCT system with a 3 mm-
diameter OCT probe developed by us is reported. In addition, the following are 
investigated: 1) the function of the MEMS micromirror and the effect of curvature of 
the mirror platform on the optical performance of the OCT system, 2) the influence of 
the housing shape on the image astigmatism and the effect of replacing it with a 
toroidal-lens housing in an attempt to alleviate the undesirable effects, and 3) ex vivo 
image capture with the developed system.  
3.1 Description of OCT Imaging System with a Miniaturized Probe 
3.1.1 The OCP930SR System 
Fourier Domain Optical Coherence Tomography (FD-OCT) is commonly used to 
obtain subsurface and micron-level resolution cross-sectional images. A 
commercialized OCP930SR System is employed to investigate the performance of the 
home-made miniaturized OCT probe. As illustrated in the solid-line region in Figure 
3.1, the back-reflected light from the sample and from the reference mirror are 
intermixed in the Michelson interferometer where an interference pattern is generated. 
FD-OCT systems are able to obtain a direct measurement of the scattering amplitude 
along an optical axis within a bulk sample. One exposure provides a complete 




measurement is commonly referred to as an “A-scan” in ultrasonography. A Series of 
A-scans along a line can be combined to form a cross-sectional image, which is 
commonly referred to as a “B-scan”. Similarly, multiple B-scans can also be stacked 
to reconstruct a 3D image of the scanned tissue. Typical scan depths for highly-
scattering biological samples range from 1 mm to several millimeters depending on 
the scattering properties of the sample. FD-OCT offers significant advantages to 
existing Time Domain Optical Coherence Tomography (TD-OCT) imaging 
techniques due to its higher sensitivity (approximately 20 dB). This allows a 
significant increase in imaging speed without compromising the image quality.  
Typical FD-OCT capture rates for 500 A-scans are about 10 frames per second, which 
is much faster than an early clinical TD-OCT system that captures at about 1 frame 
per second.  Such an improvement in capture rate makes FD-OCT ideal for real-time 
clinical applications such as in vivo monitoring during surgical. 
 
Figure 3.1 Schematic diagram of the OCP930SR system integrated with the two-axis 




        The working principle of the Thorlabs OCP930SR OCT system is illustrated in 
Figure 3.1. The output of a broadband Super Luminescent Diode (SLD) light source is 
guided into a handheld Michelson interferometer probe, where the incoming light is 
split into two separate optical paths, namely the reference-arm path and the sample-
arm path. A reference mirror with known optical properties is placed along the 
reference-arm path, and an imaging lens is mounted along the sample-arm path to 
focus the incoming light onto the sample. The same imaging lens is also used to 
collect backscattered and reflected light from the sample. The light returning from the 
end of both paths are recombined and diverted to a spectrometer, where the returning 
light is spatially separated to form an interference pattern to be further processed to 
yield the spectral OCT image. With a known and fixed sample-arm length, the 
interference intensity is a sinusoidal function of wavelength, and the dominant 
frequencies can be revealed with Fourier Transform operations. This system has a 
full-width at half maximum (FWHM) bandwidth of 110 nm centered at 930 nm.  The 
large spectral bandwidth provides an axial resolution of less than 10 µm for this 
system. The lateral resolution is, on the other hand, dependent on the numerical 
aperture of the imaging optics. 
        For endoscopic image capture along the human gastrointestinal (GI) tract, a 
miniaturized probe is developed. The performance of the probe is tested by 
connecting both the external reference arm and the developed OCT probe are 
connected to the two separate output connectors of a 1×2 50/50 fiber coupler (Fig. 
3.1). 
3.1.2 Design of Miniature OCT Probe 
The miniature endoscopic probe is designed to capture in-vivo images of tubular 




channel, the target diameter of the OCT probe is designed to be about 3 mm.  This 
probe consists of a novel 3-layer Silicon Optical Bench (SiOB), on which a 
separately-fabricated MEMS micromirror with a highly reflective gold-coated mirror 
platform, a 1 mm-diameter gradient refractive index (GRIN) lens and a single-mode 
optical fiber are assembled and mounted. These components are encased within a 
biocompatible, waterproof and transparent micro-injection molded polycarbonate 
polymer housing as illustrated in Figure 3.2. The incoming light from the light source 
is focused by the GRIN lens and diverted by the micromirror onto the sample surface. 
Subsequently, the light reflected back from the sample is collected by the micromirror 
and in turn sent back through the GRIN lens and fiber to the image processing system. 
The GRIN lens is customized and designed by GRINTECH to have a focal length of 
6.7 mm and a numerical aperture of 0.2 in order to have a penetration depth of about 
1-2 mm into the biological sample. 
 
Figure 3.2 Illustration of a 3 layer silicon optical bench (SiOB).  (b) Illustration of an 




3.1.3 Design of Optical MEMS Micromirror 
The MEMS micromirror is a key functional component of the endoscopic OCT probe. 
To exert a large mirror platform tilt angle, electrothermal bimorph actuators are 
selected for their large deflection and low driving voltage, the latter of which is of 
particular importance for clinical applications. Silicon and aluminum as basic MEMS 
materials are frequently used as the bimorph components. The working principle of 
how temperature affects the curvature of a bimorph cantilever has been thoroughly 
described by Timoshenko [116]. Singh et al [117] has found that roughly 2:1 silicon 
to aluminum thickness ratio will provide an optimized deflection, and with the 2 µm-
thick silicon lower layer, a 1 µm-thick Al upper layer deposition is therefore sufficient 
to provide large deflection.  
        The proposed gimbal-less MEMS 1mm-diameter micromirror design is shown in 
Figure 3.3. The fabrication process involves multiple photolithography steps to 
achieve different thicknesses for the various components. Upon heating the bimorph 
actuator, the top aluminum layer, which has a higher thermal expansion coefficient 
expands more than the bottom silicon layer and hence causes the composite beam to 
bend downwards. The track resistances of the four aluminum heaters are designed by 
adjusting their widths (5 μm) to achieve the same value of approximately 40 Ω to 
ensure equal downward deflections when driven by the same voltage. In order to tilt 
the mirror plate easily, the spring width is designed to be 6 μm. To achieve a specific 
orientation angle of the mirror platform, each of the four bimorph actuators is driven 
individually. For the test device, the circular micromirror is 4 µm thick with 1 mm 
diameter. Each of the four rectangular bimorph actuators is 80 × 600 × 3 µm³ (width 
W × length L × thickness T). Each of the four curved micro-beams that suspends the 




analysis (FEA) were conducted using ConventorWare to predict the behavior of the 
two-axis gimbal-less micromirror under certain temperature loads. The material 
properties needs in the simulation are summarized in Table 3.1. The simulation 
predicted that when a temperature patch of 370 K is applied to actuator 1, the 
micromirror model in Figure 3.3 will rotate a mechanical angle of 7.5°. 
Table 3.1 Material properties used in the simulation   
Material Silicon Aluminum 
Young’s Modulus (Gpa) 169 69 
Poisson’s Ratio 0.28 0.3 
Density (Kg·m-3) 2330 2702 








Figure 3.3 Mechanical deflection results prediction from ConventorWare FEA solid 





        To understand the effects a curved mirror platform has on the assembled optical 
system, a simplified and equivalent model is constructed as illustrated in Figure 3.4. 
The working distance (WD) equals to the sum of the optical paths a and b. The 
refractive index of the glass spacer is similar to that of a BK7 glass. In the simulation 
model, the small gaps in between the spacer and the juxtaposed single mode fiber and 
the GRIN lens are neglected for simplicity, but an anti-reflective coating is specified 
on the exposed side of the GRIN lens to match the reality. With this setup, the 
maximum coupling efficiency achieved is about 70% assuming a perfectly flat mirror 
with possible optical losses considered at all the junctions. 
 
Figure 3.4 Optical model of a simplified probe system under the Zemax optical 
simulation software. 
        The MEMS micromirror platform is gold-coated for high reflectivity. It should 
also preferably to be sufficiently flat, with a large radius of curvature, to ensure good 
optical performance. However, material depositions during the fabrication process 
induce stress and inevitably will cause the mirror platform to warp; this causes the 
micromirror to have a certain curvature. Most of the time, the mirrors produced 
behave as concave mirrors and results in the working distance being reduced. To 




is carried out to find out the extent of the changed working distances and the change 
in coupling efficiency that is based on the original (produced by a flat mirror) working 
distance (WD). Simulation results are plotted in Figures 3.5 and 3.6. 
 
Figure 3.5. Plot of the effective working distance as a function of the radius of 
curvature of the mirror platform. 
 
Figure 3.6. Plot of the coupling efficiency with respect to the change in curvature of 




        From the batch of fabricated mirror, the typical radius of curvature of the mirror 
platforms is about 50 mm. This value corresponds to about working distance of 6.1 
mm as shown in Figure 3.5. However, as can be seen in Figure 3.6, the coupling 
efficiency at 50 mm radius of curvature (or a curvature of 0.02) is only about 20%. A 
10% increment of the working distance to about 6.7 mm would dramatically boost the 
coupling efficiency to over 60%, but such an increment would require the radius of 
curvature to be significantly increased, to about 152 mm.  
        Figure 3.7(a) shows a height profile of the MEMS mirror measured by an optical 
surface profiler (Wyko DMEMS NT 3300). A corresponding cross-sectional scan 
across line A-A’ shows that the radius of curvature is about 50 mm (Figure 3.7(b)). 
One feasible solution to improve mirror flatness is to use wafers with a thicker device 
layer, but this would inevitably increase the weight and inertia of the mirror platform 
and also reduce the resonance frequency. Honeycomb or ring ridges can be patterned 
on the backside of the platform to retain satisfactory flatness whilst keeping the 
platform weight reasonable but additional mask and alignment steps would be 






Figure 3.7 (a) A WYKO interferometric scans of the MEMS micromirror, (b) A 
cross-sectional profile of the micromirror along line A-A’. 
 
Figure 3.8 Fabrication process flow: (a) SOI wafer; (b) Frontside step-height 




bimorph metal patterning; (d) Frontside mirror device patterning complete; (e) Gold 
deposition to enhance bondpad connectivity and mirror reflectivity; (f) Backside 1 μm 
oxide deposition as hard mask, (g) Backside hard mask patterning followed by 430 
μm silicon etch, then wafer dicing to obtain device chips, (h) Chip-wise global-etch 
remaining backside 20 μm silicon and stop at buried oxide (BOX) layer, (i) Chip-wise 
backside oxide etch to release movable structures. 
        The Silicon-on-insulator (SOI) technology and standard photolithography 
procedures are used to fabricate the MEMS mirror. A series of CMOS-compatible 
process and MEMS process followed by a device release process are sequentially 
carried out as described by Singh et al. [117]. Throughout the entire fabrication 
process, shown schematically in Figure 3.8, chip dicing is the most critical step and 
certain processes are revised to increase the yield. The process started with an 8-in, 4-
μm-thick device layer and 725-μm-thick handle layer SOI p-type wafer, as shown in 
Figure 3.8(a). The silicon backplates of bimorph actuators and flexural springs are 
selectively thinned down to approximately 2 μm using deep reactive-ion etching 
(DRIE) process while keeping the thickness of the mirror to be 4 μm, as conceptually 
illustrated shown in Figure 3.8(b). In Figures 3.8(c) and (d), the bimorph actuators are 
formed by Al etching and Si DRIE processes.  
        Subsequently, as shown in Figure 3.8(e), a thin layer of 300 Å Cr/500 Å Au is 
deposited coated onto the mirror surface to enhance its reflectivity. To improve 
electrical connectivity, the bondpads are also coated in a separate process with 500 Å 
Cr and 1 μm-thick Au using a low-stress electronic beam evaporation process. After 
that, the thickness of the wafers is reduced to 450 μm by backside grinding and 
polishing followed by deposition of 1μm oxide on the backside as shown in Figure 
3.8(f). Subsequently, the exposed silicon on the backside of the wafer is only partially 




Figure 3.8(g). This is done to retain the mirror’s rigidity to enable it to survive the 
next step, which is dicing. The remaining silicon on the backside (20 μm) for each 
diced device chip is then etched to the buried oxide etch stop (Figure 3.8(h)) and 
finally, the exposed buried oxide is sacrificially released as shown in Figure 3.8(i).  
 
Figure 3.9 (a) SEM picture of the MEMS micromirror with the four bimorph actuators 
and the silicon micro-beam suspensions, (b) a zoom-in view of the silicon micro-
beam, (c) a zoom-in view of the aluminum pattern of the bimorph actuator. Electrical 
current runs direct running across this meander-shaped pattern to generate sufficient 
heat to provide the downward bending.  
        SEM pictures of the MEMS micromirror, with close-up views of the bimorph 
actuators and the silicon micro-beam suspensions together with the aluminum 









Figure 3.10 (a) Top view of lower silicon substrate.  A MEMS micromirror is to be 




connection between the device chip and the optical bench. (c) The MEMS 
micromirror with the middle and lower silicon substrate assembly before and (d) after 
alignment with the optical components. 
        The Silicon Optical Bench (SiOB) technique has been employed previously [36] 
to align optical components and MEMS devices to realize effective micro-opto-
electromechanical systems (MOEMS) on silicon substrate. For this part of the 
research, a novel 3-layer SiOB design is introduced. The electrical contacts between 
the micromirror and the external driving circuit are provided with the aid of 
microsoldering technology. Figure 3.10(a) shows the lower substrate with five metal 
lines deposited, in which four are connected to the bimorph actuators, and one is for 
grounding. The vertical sidewall trench formed by deep reactive ion etch (DRIE) is 
aligned at 45° to the optical axis of the SiOB such that the reflected light beam is 
diverted by 90°. Figure 3.10(b) shows the placement of the gold micro solder balls 
between the micromirror chip and the silicon optical bench. Five 200 μm diameter 
plastic core micro solder balls with a melting point of 217.2 °C (Micropearl SOL-200, 
Sekisui Chemical Co., Ltd) are as well as placed into the trenches of the SiOB. 
Electrical isolation between the solder balls and their precise positioning are provided 
by a specially-designed comb structure (not shown). Figures 3.10(c) and 3.10(d) 
show, respectively, the assembly before and after precisely alignment of the optical 
components, including the customized GRIN lens, a glass spacer for adjusting the 
beam diameter at the entrance of the GRIN lens and a single-mode optical fiber. An 
underfill non-conductive material (U8443, by Namics Corporation) is used to 






3.1.5 Probe Housing Design 
To ensure effective in-vivo tissue image capture, the MEMS micromirror/-SiOB 
assembly must be enclosed within a biocompatible, waterproof and transparent 
housing. An assembled prototype with a 3 mm-diameter probe is shown in Figure 
3.11. As shown in the inset of Figure 3.11, the intensity contour of the light beam spot 
(captured by the BeamMaster profiler, BM-3 InGaAs), appears to be distorted 
elliptically when the mirror is placed within the cylindrical housing. This is due to the 
cylindrical lens effect of the curved surface of the housing which is unfavorable for 
suitable observations of biological tissues.  
 
Figure 3.11 Light beam spot test by using assembled MEMS based OCT probe. 
        The cylindrical lens effect is common in most side-viewing catheters, where by 
the transparent and tubular housing provides an optical effect similar to that of a 
concave lens, i.e. distorts the circular light beam spot into an elliptical shape. This 





Figure 3.12 (a) A simple optical model built for the ZEMAX simulation. (b) Plane b-b’ 
is located 6.58 mm along the positive Z-axis away from the cylindrical lens outer 
surface. The corresponding Hyugens point spread function (PSF) shown on the right 
indicates an elliptically-distorted spot shape. (c) Plane c-c’ is located 5.39 mm along 
the positive Z-axis away from the cylindrical lens outer surface. The corresponding 
Hyugens point spread function (PSF) shown on the right indicates a severely stretched 
spot shape along the Y-axis. (d) Plane d-d’ is located 10.025 mm along the positive Z-
axis away from the cylindrical lens outer surface. The corresponding Hyugens point 
spread function (PSF) shown on the right indicate a severely stretched spot shape 
along the X-axis.  
        To investigate the cylindrical lens effect of the housing used, the ZEMAX 
Optical simulation software is utilized to model the optical performance of cylindrical 
lens. The optical model, illustrated in Figure 3.12(a), consists of a cylindrical lens and 




vertical plans with different foci after passing through the cylindrical lens. The 
sagittal focus as shown in the dashed line region c-c’ of Figure 3.12(c) is located 
along the optical axis (Z-axis) at a distance of 5.39 mm away from the outer surface 
of the cylindrical lens, while the meridional focus as shown in the dashed line region 
d-d’ of Figure 3.1(d) has the focal point at a distance of 10.025 mm. In between these 
two foci, a circular and blurry image, namely the “circle of least confusion”, is 
formed. This image can be observed in the plane b-b’ which is located at a distance of 
6.58 mm away from the reference point as shown in Figure 3.12(b).  
        Since, the light beam spots are severely stretched along the Y-axis (sagittal focal 
line) on plane c-c’ and the X-axis (meridional focus line) on plane d-d’, the plane 
where the circle of least confusion is located often represents the best compromise 
location of the image in a system with astigmatism. 
 
Figure 3.13 A toroidal surface. 
        The Strehl ratio as described by Mahajan [118], which varies between 0 and 1 
can be a good indicator of the optical quality of the light beam. The Strehl ratio is 
preferred to be as close to 1 as possible but in this case with the cylindrical lens, the 





Figure 3.14 (a) Illustration of the housing showing the compositions of the housing: 
the cap, the section with the toroidal lens, and the tubular body. (b) An isometric view 
of the half toroidal lens. (c) A close-up of the cross-section profile showing the curve 
inner surface. 
        It is known that optical lenses with toroidal or spherocylindrical surfaces [119] 
are frequently used in optometry to reduce astigmatism. Therefore, to reduce optical 
aberration, it is proposed to replace the cylindrical housing with one equipped with a 
toroidal inner surface. A general toroidal surface in a cartesian X-Y-Z coordinate 
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where c is the curvature of the inner surface of the toroidal lens and K is the conic 
constant. As shown in Figure 3.13, a toroidal surface is formed when this curve is 
revolved at a radius of R about the y’-axis. It is postulated that a portion of the tubular 
lens can be replaced by the toroidal lens to reduce astigmatism, specifically, at the 
portion of the tubular housing where the MEMS mirror is located as illustrated in 
Figure 3.14(a). An isometric view of the half-toroidal lens and a close-up of the cross-
section are shown in Figures 3.14(b) and 3.14(c), respectively. 
        ZEMAX optical simulations are conducted to assess the effect of the proposed 
toroidal lens to the same focusing light beam. The configuration shown in Figure 
3.15(a) is identical to that in Figure 3.12(a) except that the cylindrical lens is replaced 
by the toroidal lens. As shown in Figure 3.15(b), the Huygens point spread function 
diagram at the focal point is perfectly circular and also the intensity profiles along the 
x and y-axes are compared in Figure 3.15(c) to be highly symmetric. While it is 
possible to compute the parameters to achieve identical X and Y profiles, machining 
uncertainties and assembling misalignments must also be taken into consideration. 
Figures 3.15(d) and 3.15(e) show the experimental setup and the corresponding 
intensity distribution (captured by BeamMaster laser beam profiler, BM-3 InGaAs), 
respectively. By replacing the cylindrical lens with the toroidal lens, the Strehl ratio is 










Figure 3.15 (a) 3D layout of the optical system; (b) Huygens PSF diagram; (c) x and y 
axis cross-sectional Huygens PSF; (d) Setup for beam profile test; (e) 2D light beam 
intensity distribution 
3.2 Experimental Results and Discussion  
3.2.1 MEMS Device Characterizations 
A semiconductor parameter analyzer (Agilent 4156C) is used to characterize the 
designed micromirror device with the bimorph actuators. A maximum mechanical 
deflection of 11° is measured at an operating voltage of 1.4 V as shown in Figure 
3.16(a). Based on the measured electrical resistance of the aluminum heater of 40 Ω, 
the actuator is drawing about 35 mA current which corresponds to a power rating of 
about 49 mW. It is observed that some heaters melted and are damaged when the 
driving voltage is more than 1.5 V. The temperature distribution of the entire device is 
captured with an infra-red camera and the image is shown as an inset in Figure 
3.16(a). While the actuator temperatures are estimated by the IR camera to be as high 




temperatures remain relatively low (~30°C for blue color). No significant temperature 
change in areas other than at the actuators is observed during device operation.  
 
 
Figure 3.16(a) Effects of varying the driving voltage on the deflection angles and the 
temperature. Inset shows the infra-red camera image of the device when driven at 0.9 
V. The hottest spot in red is about 90 °C, and the surrounding blue area is at about 




        In order to measure the frequency response, a unipolar 1.0 V peak-to-peak 
sawtooth signal is applied to one of the four bimorph actuators of the micromirror. A 
sweep frequency input of 1 Hz to 500 Hz reveals that the -3 dB cut-off frequency is 
located near 75 Hz as shown in Figure 3.16(b). The transient response is also 
characterized. The fabricated MEMS micromirror is first mounted by epoxy to a 24-
pin ceramic dual in-line (DIP) package. The MEMS device is then excited by a 1 V 
peak-to-peak sawtooth signal at a constant frequency of 1 Hz applied at one of the 
actuators. The data is captured at a sampling rate of 5 kHz. The experimental setup is 
shown in Figure 3.17(a) in which the proposed MEMS device diverts the incoming 
light from the laser diode to the photosensitive detector. The resultant transient 
response signals are recorded by an oscilloscope and shown in Figure 3.17(b). The 
curves in Figure 3.17(b) demonstrate a reasonably satisfactory quadratic relationship 
between actuator response and its corresponding input sawtooth wave signal of 1 Hz 
with 100% duty ratio. A two-week reliability testing of the assembled MEMS probe 
was also taken under 1Hz sawtooth signal with no obvious performance degradation 






Figure 3.17(a) Transient response experimental setup. (b) Transient response of the 
micromirror with only 1 actuator driven by a 1Hz sawtooth signal. 
3.2.2 OCT Imaging Experiment 
A commercially-available OCT imaging system (Thorlabs OCP930SR) was used as a 
reference to evaluate the performance of the developed MEMS-based OCT probe. 
The base unit includes the broadband super luminescent diode (SLD) light source, the 
spectrometer, the analog and digital timing circuitry and the driving electronics for the 
galvanometer scanner within the commercial probe. 
        A fiber optic coupler is used to divert light from the broadband SLD source into 
the Michelson interferometer. The spectrometer has a resolution of 0.14 nm, which 
corresponds to a theoretical imaging depth of 1.3 mm. The base unit is connected to a 
computer equipped with two high-performance data acquisition cards. All required 
data acquisition and processing are performed via an integrated software package, 
which contains a complete set of functions to control measurement, collection and 





Figure 3.18 The interface signal of a cover slide from commercial probe and MEMS 
optical probe 
        The developed MEMS-based OCT probe is applied in ex vivo imaging. In 
contrast to the commercial probe, which can only provide 1D scans, the MEMS probe 
can provide 2D scans. The 1D transverse scan rate of the MEMS device is 
synchronized with the signal output of the commercial OCT system. One of the 
mirror’s actuators is driven by a sawtooth signal with voltage amplitude of 1.2 V at 
8.9 Hz. Cover slides are first used as specimens observed to calibrate the external 
reference arm. Cross-sectional images of the cover slides are captured with both the 
commercial probe and the developed MEMS probe. The upper and the lower 
interfaces can be clearly observed by both systems as shown in Figure 3.18. The 
signal-to-noise ratio of the axial profile is about 30 dB with an axial resolution of 





Figure 3.19(a) 2D ex vivo image of mouse muscle captured by using OCT probe 
enclosed within toroidal lens housing, (b) 2D ex vivo image of mouse muscle captured 
by using OCT probe enclosed within traditional cylindrical lens housing, (c) 2D ex 
vivo image of mouse skin captured by using OCT probe enclosed within toroidal lens 
housing, (d) 2D ex vivo image of mouse skin captured by using OCT probe enclosed 
within traditional cylindrical lens housing 
        The sample used for ex vivo imaging is a six-week old male mouse of about 25 
gram weight. (From the Animal Resource Centre, Australia) After euthanizing with 
carbon dioxide, the muscle and skin next to the hind leg of the mouse are excised, 
immersed in 10% formalin for 24 hours, and washed with Phosphate buffered saline 
(PBS) immediately before the OCT experiments. With the calibrated instrument 
setup, 2D cross-sectional OCT images of around 1 mm penetration depth and 2 mm 
image width are obtained. The OCT probes that are enclosed in both the toroidal lens 
housing (described in section 3.15) and the traditional cylindrical lens housing are 
used to capture the images of the mouse muscle and skin tissues. The Epimysium, 
Perimysium and endomysium layers are clearly observed and even the blood vessels 




Perimysium as shown in Figure 3.19(a). Similarly, the superficial Epidermis of the 
mouse leg skin tissue and the Dermis layer are also successfully detected. The Dermis 
layer is conjunctively located beneath the epidermis layer, and both can be quite 
clearly observed by using the toroidal lens housing as shown in Figure 3.19(c). These 
test results demonstrate the positive effect of the toroidal lens housing over the 
traditional cylindrical lens housing in bio-imaging applications.  
3.3 Conclusion 
A two-axis scanning MEMS micromirror-based OCT probe has been developed and 
tested. With the large 1 mm-diameter mirror platform and effective bimorph thermal 
actuators, a maximum deflection angle of 11° is achieved. Together with the 
replacement of the cylindrical lens housing by a toroidal one, clear OCT images of 
mouse tissues are successfully captured. The switching speed (which is constrained by 
the thermal response time) of about 75 Hz is found to be adequate for obtaining real-
time 2D OCT images. Since thermal actuation offers good potential for very high 
mechanical deflections, a complete redesign of the mirror structure with improved 
flatness to achieve circumferential 360° scanning by using the same approach is 
attempted next. In addition, the SiOB assembly has been proven to be effective in 
overall size reduction as compared to previous prototypes and as such, the proposed 
probe has high potential to extend its applications to the intravascular level e.g. 
arterial veins. The preliminary results have also successfully demonstrated the 





Chevron Electrothermally-Actuated MEMS 
Micro-scanner 
For some clinical applications of OCT, for example, in intravascular or 
gastrointestinal investigations, full circumferential scanning (FCS) is highly desired. 
Early research efforts on FCS such as spinning the entire catheter with build-in cables 
and fibers [24] were capable of scanning at a speed of around 4 revolutions per 
second, albeit with nonlinear motion due to rotation of the long cable. Commercially-
available micromotors have also been employed to spin mirrors or prisms to achieve 
FCS [120-122].  
        In recent times, MEMS technology [123-143] has demonstrated strong potential 
in biomedical imaging applications due to its outstanding advantages of, for instance, 
small size, fast scanning speed and convenience of batch fabrication. The recent 
development of a dual reflective MEMS micromirror based on bimorph actuators has 
further enriched and extended the MEMS technology for FCS in clinic applications 
[132, 133]. 
        In this chapter, a novel MEMS platform is proposed that is capable of 
circumferential scanning for OCT applications. The proposed configuration utilizes 
multiple parallel incident light beams to drastically reduce the required mechanical 
rotation angle to achieve 360-degree circumferential scanning with only minimal 
increase in package size. In this configuration, a compact MEMS micro-scanner is 




incident light beams (as shown in Fig. 4.1). A micro-pyramidal polygon reflector with 
four highly-reflective facets is mounted on top of MEMS chevron-beam 
microactuators to redirect the focused light. A four-pieces-in-one fiber-pigtailed 
GRIN lens bundle is utilized to direct the focusing incident light beams onto the 
slanted facets of the micro-reflector. Once the micro-reflector is driven to rotate, a 
circumferential light scan will be realized. A circumferential tissue image may be 
reconstructed by recording the data from the four fiber optic “channels” sequentially 
or simultaneously. The proposed configuration not only provides a way to achieve 
compact and miniaturized circumferential scanning probes, but also helps to reduce 
deformation that may be induced by residual stresses usually found in traditional thin 
MEMS micromirrors as a solid reflector block is used here as the light reflector.  
 
Figure 4.1 Schematic of the mechanism of circumferential scanning by proposed 




4.1 Device Design 
The bent-beam actuator [134-143] – usually called chevron-beam actuators - consists 
of two narrow beams each inclined at a small pre-bending in-plane angle θ as 
schematically shown in Fig. 4.2 (a). This pre-bending angle helps to encourage the 
beams to buckle in a preferred direction with motion amplification proportional to 1/θ 
for small angles. Normally, higher forces can be generated by placing multiple pairs 
of such actuators in parallel and larger displacements can be generated by cascading 
the actuators. Compared to other electrothermal devices that provide in-plane motion, 
bent-beam actuators are an attractive option in achieving large displacements and 
forces but yet maintaining scalability and simplicity in design. 
        For cascaded actuators, if two primary base units are driven by the same voltage 
source, the current through the secondary unit will be nominally zero (Fig. 4.2 (b)). 
Cascaded devices can provide significantly larger displacements than a simple single-
stage chevron-beam pair. However, a drawback - associated with all large and thin 
structures - of the proposed cascaded arrangements is that the critical force for vertical 
(out-of-plane) buckling is reduced. To compensate, the operating temperature for 
these devices must be reduced or the thickness of the devices increased. In order to 
make the device robust to external impact, the design thickness of the proposed device 
is selected to be 80 μm. 
        Based on the cascaded chevron-beam actuator working principle, a novel two-
level rotational MEMS micro-platform is proposed and developed. The MEMS device 
is composed of a micro-pyramidal polygon reflector (Fig. 4.2 (c)) and a cascaded two-
stage chevron-beam actuator (Fig. 4.2 (b)). For the cascaded two-stage chevron-beam 




their suspended shuttle apexes at the middle pointing inwards. The secondary 
chevron-beam pairs have their beam ends connected to the shutter apexes of the 
primary units. The beams of the secondary unit pairs are placed in opposite directions 
with their apexes facing outwards (see Fig. 4.2 (b)). These two pairs of secondary 
chevron-beams have an offset in the x-direction in order to suspend a hollow ring-
shaped platform holder in the center. When the same voltage is applied to the two 
primary chevron beams, an inward pushing motion along the x-direction is produced 
due to thermal expansion of the chevron beams. This motion in turn results in the 
outward pulling motion of the secondary units. Subsequently, the circular ring-shaped 
holder suspended at the center is driven to rotate by the pulling motion of members 






Figure 4.2 (a). Working principle of a single-stage chevron-beam pair, (b) working 
principle of the proposed cascaded two-stage chevron-beam electrothermal 
microactuator, (c) the micro-pyramidal polygon reflector 
        In order to realize the capability of optical scanning, a highly reflective micro-
pyramidal polygon reflector is fabricated. This reflector has four 45° - slanted facets 
(see Fig. 4.2 (c)) and is fully coated by Au on the surfaces. Supposing four parallel 
light beams normal to the device are incident on the four slanted factes of the 
pyramid, full circumferential scan (360°) can be achieved when the micro-pyramidal 
polygon reflector rotates an angle of 45°. A connection pillar is designed to facilitate 
the positioning and fixing of the pyramidal reflector onto the center circular ring-
shaped holder. A specially-designed aligning jig is used to manually assemble these 
two parts together and they are subsequently bonded using epoxide resin. 
        An electro-thermo-mechanical finite element analysis (FEA) of the MEMS 
chevron-beam cascaded microactuator is conducted using CoventorWare
TM
 2010 to 
tailor the configuration and optimize geometric parameters. The structural material 
used is pure highly boron-doped single crystal silicon (110) and since the MEMS 
micro-platform is expected to be utilized in OCT applications, the overall die size is 




length of the primary chevron beams used here are 15 μm and 1450 μm respectively, 
while those of the secondary chevron beams are 10 μm and 1050 μm.  
        Figure 4.3 (a) shows the output displacement produced by a single-leg chevron 
beam in the primary unit for pre-bending angles ranging from 0° to 45° when a 
voltage of 8 V DC is applied. It is obvious that the output displacement decreases with 
increase in pre-bending angle, but the beams exhibit little or no deflection when this 
angle is smaller than 0.1°. For pre-bending angles less than 0.1°, the actuator refuses 
to move in-plane but instead attempts to buckle out-of-plane. Thus the pre-bending 
angle of 0.1° is predicted to provide the largest value of deflection, calculated at 35 
μm. However, as a compromise between the resolution demands of the glass masks 
used and magnitude of the displacement generated, a pre-bending angle of 0.2°, 
producing a displacement of 32 μm, is selected for the primary chevron beams. 
Additionally, in order to provide a force large enough to push the secondary unit 
chevron beams, twenty pairs of these chevron-beam actuators are placed in parallel. 
Cascaded microactuators that are configured to provide displacement amplification 
have been reported in the literature [135-137, 140, 142-143]. Normally, the pre-
bending angle of the secondary unit chevron beams has a significant effect on the 
amount of amplification of the input displacement from the primary unit. Assuming 
the lateral stiffness of the secondary chevron-beam mechanism has little constraint on 
its movement, the displacement in the y-direction (as shown in Fig. 4.2 (b)) has a 
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        The relationship between the displacement in the y-direction and the pre-bending 
angle θ of the secondary chevron beam is shown in Fig. 4.3 (b) as a dashed line 
together with the FEA simulation results (solid line) for comparison. It is seen that 
these two curves match well beyond the 20° pre-bending angle point (right region of 
the central dashed line that is vertical to the x-axis), while exhibiting totally divergent 
behavior to the area left of this point. The reason for this deviation is probably the 
lateral stiffness of the beam, which governs the propensity of the chevron beam to 
deform. Though the pre-bending angle of less than 20° can theoretically provide at 
least tens of times of amplification, as seen from Eq. (4.1), the reaction force induced 
by the beam’s lateral stiffness in its x-axis counteracts this effect. Furthermore, if the 
pre-bending angle in the secondary beam is set lower than 5°, the amplification effect 
will no longer exist. An even more serious buckling issue may occur with the primary 






Figure 4.3 (a). The pre-bending angle of the primary unit chevron beam and its 
displacement relationship curve; (b) the amplified displacement and the pre-bending 
angle of the secondary chevron beam relationship curve predicted by FEA and the 
theoretical amplified displacement and the pre-bending angle of the secondary 





Figure 4.4 FEM simulation results on the displacement of the cascaded chevron beam 
based microactuator 
        Figure 4.4 shows the simulation results for a microactuator that has a secondary 
pre-bending angle of 20° at a temperature of 650 K. It is clear that the rotation angle 
of the ring-shaped holder is around 45° at this driving condition. If a micro-pyramidal 
polygon reflector with four 45-degree reflective slanted facets is mounted on top of 




4.2. Fabrication and assembly 
4.2.1 Pyramidal Polygon Micro-reflector Fabrication Process 
 
Figure 4.5 Fabrication process flow of micro-pyramidal polygon reflector: (a) SOI 
wafer; (b) backside 2 μm oxide deposition; (c) backside PR patterning followed by 
280 μm Si DRIE; (d) PR strip and backside 1 μm oxide etch; (e) 300 Å oxide and 
1500 Å Nitride deposition on both sides; (f) backside patterning followed by oxide 
etch, (g) backside 400 μm deep Si etch by KOH, (h) backside Cr/Au deposition using 
E-beam evaporation, (i) front side 300 Å oxide and 1000 Å Nitride etch followed by 1 
μm oxide deposition, (j) front side 80 μm Si DRIE, (k)5000 Å oxide deposition on 
front side followed by PR patterning (l) front side 5000 Å oxide etch, (m) front side 





Figure 4.6 (a). Optical image of the compensation structure at the convex corner (has 
been almost etched away); (b) schematic illustration of a corner compensation 
structure design on mask. 
        The micro-pyramidal polygon reflector is fabricated using silicon-on-insulator 
(SOI) micromachining technology with a total of four photomasks used (as illustrated 
in Fig. 4.5). The SOI wafer has a 150 μm-thick silicon device layer, a 1 μm-thick 
buried oxide (BOX) layer, and a 680 μm-thick silicon substrate. A 2 μm plasma-
enhanced chemical vapor deposition (PECVD) silicon oxide layer is first deposited on 
the backside of the SOI wafer. Then the backside is patterned by photolithography, 
followed by 2 μm oxide dry etching and a 280 μm silicon deep reactive-ion etching 
(DRIE) process to define the height of the pyramid. Subsequently, a photoresist (PR) 
strip and Piranha clean are carried out and the backside oxide is etched off by a 
buffered oxide etchant (BOE) solution (with six parts of 40% NH4F and one part of 
49% HF). Next, 300 Å thermal oxide and 1500 Å low-pressure chemical vapor 
deposition (LPCVD) silicon nitride layers are deposited on both sides of the SOI 
wafer, followed by 2000 Å low-pressure tetraethylorthosilicate (LPTEOS) silicon 
oxide deposition. The 2300 Å silicon oxide and 1500 Å silicon nitride layers, which 
serve as hard masks for the subsequent wet-etching process, are patterned using the 




polygon reflector with 54.74° slanted facets is formed by wet anisotropic Si etching in 
a KOH solution (35 wt%, 75°C). Corner compensation structures are added to take 
into account the undercuts occurring at the convex corners of the micro-pyramidal 
platform. Figure 4.6 (b) shows a typical compensation structure at a convex corner. 
This structure consists of three square patterns attached to the corner apex, whose 
dimensions are indicated in the figure. The length a in the figure can be estimated 
using a=H/0.544 [144], where H is the desired etching depth. In this work, H is set of 
400 μm and hence a=735 μm. To enhance the surface reflectivity, the surface of the 
pyramid is covered by a 300 Å/5000 Å thick Cr/Au layer deposited by E-beam 
evaporation. After the backside processes, the connection pillar is patterned and 
formed on the front-side by silicon DRIE. Finally, the whole micro-pyramidal 
polygon reflector is released by etching through the BOX layer with RIE. 
4.2.2 Chevron-beam Micro-actuator Fabrication Process 
        The cascaded electrothermal MEMS chevron-beam microactuator is also 
fabricated using SOI micromachining technology (as illustrated in Fig. 4.7). Five 
photomasks are used in this process. The SOI wafer used has an 80 μm-thick heavily 
doped silicon device layer, a 1 μm-thick BOX layer, and a 650 μm-thick silicon 
substrate. The overall die size is 4.5 mm × 4.5 mm. A 1 μm PECVD oxide layer is 
first deposited on the front-side of the SOI wafer. After that, the silicon dioxide in the 
pad area is patterned using photolithography and an RIE process. The front-side is 
then again patterned using photolithography followed by a 70 μm - deep silicon etch 
to define the device structure. During this step, a 10 μm - thick silicon layer is left in 
the open etch area to avoid deforming or damaging of the structure beams in the 
device layer that may occur due to residual stresses in the BOX layer underneath. 




dry film followed by 500 Å/1 μm Cr/Au layer E-beam evaporation and a dry film 
liftoff process to metalize the pads area for wire bonding. Next, 2 μm PECVD oxide is 
deposited on the backside to serve as a hard mask for backside DRIE. A layer of 2000 
Å PECVD oxide is deposited on the wafer’s top surface, followed by patterning to 
cover the metallic pad areas. Subsequently, the backside of the SOI wafer is first 
patterned using 2 μm RIE oxide etching process and followed by 620 μm Si DRIE 
process. After the wafer level process, the whole wafer is diced into chips for chip-
level release to obtain a higher yield. Selected chips are then boned onto the top 
surface of an oxidized carrier wafer using thermal tape to ensure the 30 μm silicon 
etching process stops at the BOX layer. These chips are then transferred onto the top 
surface of another silicon carrier wafer for a 1 μm oxide etching by RIE. After that, 
the 10 μm remaining silicon layer left on the front-side of the chip is etched away by 
DRIE to release the structure. Finally, the front-side 2000 Å oxide is etched away by 
an RIE process to expose the metal pads.  
        Figures 4.8 (a) and (b) show scanning electron microscope (SEM) images of the 
completed micro- pyramidal polygon reflector and the two-stage cascaded MEMS 





Figure 4.7 Fabrication process flow of the cascaded MEMS chevron-beam 
microactuator: (a) 80 μm device layer SOI wafer; (b) front-side 1 μm oxide front-side 
deposition using PECVD ; (c) 3.5 μm PR deposition and patterning followed by 1 μm 
front-side oxide etch; (d) front-side PR patterning followed by 70 μm Silicon DRIE; 
(e) 20 μm dry film coating and patterning followed by 1 μm gold E-beam evaporation; 
(f) gold layer lift-off followed by 2 μm oxide deposition on the backside of the wafer; 
(g) front-side 2000 Å oxide deposition and patterning to cover Au pad; (h) backside 
10 μm PR patterning followed by 2 μm oxide etch; (i) backside 620 μm Si DRIE; (j) 
PR stripping and front-side blue tape coating followed by wafer dicing process; (k) 
chip-level backside 30 μm silicon etch stopping at buried oxide layer (BOX) (l) 








Figure 4.8 Scanning Electron Microscope (SEM) images of (a) the micro-pyramidal 





4.2.3 MEMS Micro-scanner Assembly 
 
Figure 4.9 Setup for the MEMS microactuator and the micro-pyramidal polygon 
reflector assembly (a) three-axis precision positioning stage, (b) vernier caliper tip for 
holding the MEMS chip, (c) zoom-in view of backside of the MEMS chip 
        After the micro-pyramidal polygon reflector and the electrothermal chevron-
beam actuation mechanism have been fabricated, they are assembled manually (refer 
Fig. 4.9). The microactuator chip is first manually placed on top of the polygonal 
reflector and held with a vernier caliper, with the actuator facing downwards. The 
position of the vernier caliper can be adjusted in both transverse and longitudinal in-
plane directions as well as vertical out-of-plane direction by a three-axis precision 
positioning stage. Next, the circular ring-shaped holder of the actuation mechanism is 
aligned under a microscope to confirm the concentricity of the mounting hole and the 
connection pillar before the actuator chip is lowered and the connection pillar inserted 
into the circular ring-shaped holder. Finally, the connection pillar and the circular 






Figure 4.10 Scanning Electron Microscope (SEM) image and optical image of the 
assembled MEMS micro-platform 
        Figure 4.10 shows a scanning electron microscope (SEM) image of the device 
after assembly. An image taken with an optical microscope, showing the device’s top 
view, is also given in the inset. Circumferential scan will be realized by rotating the 
highly reflective micro-pyramidal polygon reflector to change the direction of the 
reflected light beams.  
4.3 Experimental Results 
The relationships between detected current and voltage and current and optical-
scanning-angle of the prototype electrothermal MEMS chevron-beam micro-scanner 




reflector under DC voltage input is captured by a microscope that is integrated with a 
digital camera for rotational angle measurement. The results are illustrated in Figure 
4.11. When a voltage is applied between the pairs of pads A and B, and A’ and B’ (as 
shown in the inset of Figure 4.11), the apexes of the primary chevron-beam pairs are 
pushed inwards due to thermal expansion caused by joule heating. Simultaneously, 
the apexes of the secondary unit chevron beams are pushed outwards, multiplying the 
displacement output of the primary chevron-beam pairs several times and achieving a 
maximum displacement of 120 μm. The pulling forces generated by the outward 
movements of the apexes of the secondary unit chevron beams in turn drive the 
circular ring-shaped holder which has the micro-pyramidal polygon reflector mounted 
on it to rotate in - plane and hence scan the light beams. The maximum optical 
scanning angle is measured to be 328° under a current of 600 mA and DC voltage of 
5.95 V. 
        In order to characterize the transient response time of the MEMS micro-platform, 
two DC power supplies (Agilent E3647A) and a digital oscilloscope (DL1520) are 
connected to the device. A position sensitive detector (PSD) is utilized to detect the 
light trajectory scanned by the MEMS micro-platform. Figure 4.11 (b) shows the 
input step voltage signal (which changes from 1 V to 2 V) and the corresponding 
measured transient response signal for this MEMS micro-platform. The response 
time, generally defined as the time taken to attain 90% of the saturation value, is 
found to be around 100 ms. Since there are four simultaneous channels for data 






Figure 4.11 (a) The current-voltage and current-optical scan angle relationship curves 






Figure 4.12 (a) Stationary laser spots projected on a cylindrical (b) projected scan 
lines when the device is driven by a 6 Vpp sinusoidal voltage input of 10 Hz (the 
fourth scan line is blocked by the screen due to the limitation of the camera shooting 
angle) 
        To demonstrate its capability for circumferential scanning, the prototype device 
is driven into an oscillatory motion using a function generator (FC300, 
YOKOGAWA) and a current amplifier (OPA548T).  A laser beam illuminates the 
micro-pyramidal reflector from above. The reflected beams from the slanted facets of 
the reflector project four laser spots onto a cylindrical screen when the device is 
stationary as shown in Figure 4.12 (a). The device is then driven to oscillate by 
applying a sinusoidal input voltage with amplitude of 6 Vpp and a frequency of 10 Hz. 
The captured scanning pattern is shown in Figure 4.12 (b). Due to the limitation of the 
camera shooting angle, only three scan lines are visible in the figure. It is observed 
that under such a driving condition a near-360° circumferential scanning range can be 
obtained.  
4.4 Conclusion 




light beam scanning for OCT purposes has been successfully developed. It consists of 
a pair of two-stage cascaded chevron-beam electrothermal actuators and a micro-
pyramidal polygon reflector with high reflectivity. This micro-reflector is assembled 
onto the top of a ring-shaped holder that connects the chevron-beam actuators through 
flexures. A displacement amplification mechanism is employed in the cascaded two-
stage chevron-beam microactuator design, resulting in a large mechanical in-plane 
rotation angle of around 41° of the micro-reflector. The transient response of the 
device is measured to be less than 100 ms and a 328° circumferential scanning range 
has also been experimentally demonstrated by the current prototype. In summary, it is 
possible to achieve miniature compact FS-EOCT probes with the proposed opto-
mechanical configuration which utilizes the MEMS-driven micro-reflector as a light 
manipulator. At the same time, existing problems such as degradation of imaging 















Electrostatic Double T-shaped Spring 
Mechanism based MEMS 
A compact four-pieces-in-one fiber-pigtail GRIN lens bundle EOCT probe was 
proposed and described in detail in chapter 4 as a means to realize FCS scan. The 
proposed configuration utilized multiple parallel incident light beams to drastically 
reduce the mechanical rotation angle of the scanning mirror required to achieve 360-
degree circumferential scanning with only minimal increase in package size [145]. 
Although a large scanning range can be realized by the proposed micro-actuator, the 
high power consumption results in a surface temperature that is too high to be 
compatible with clinical medical bioimaging, a side-effect which had also been 
reported by other researches [134-143]. 
        In this chapter, a MEMS micro-scanner that is based on the configuration of the 
EOCT probe developed but actuated by electrostatic means is instead, presented. This 
MEMS device has the advantages of lower power consumption and a higher scanning 
speed while maintaining the same scanning range of the previous design. One 
drawback of electrostatic actuation - based MEMS devices is the relatively small 
scanning range, a consequence of its comb structure and working principle [146-154]. 
To circumvent this limitation, a two-stage double T-shaped spring beam mechanism is 
introduced to convert relatively small translational movements of the comb drives into 
a large rotational motion of the central suspended ring-shaped holder described in 




displacement/angular amplification relative to a single-stage one. A pyramidal 
polygonal micro-reflector with eight instead of four highly-reflective slanted facets is 
developed to further lower the mechanical rotation angle required to realize full 
circumferential scanning. Once the micro-reflector is driven to rotate, a 
circumferential light scan will be realized. A circumferential tissue image may be 
reconstructed by recording the data from eight fiber optic “channels” sequentially or 
simultaneously. This newly- proposed configuration of an electrostatic MEMS micro-
scanner based probe not only features the advantages of the previous one 
(compactness, small size and alleviation of the mirror curvature issue induced by 
residual stresses that might exist in traditional thin MEMS micro-mirrors), but also 
has fast scanning capability and a surface temperature that makes it suitable for 
clinical in vivo investigations.  
        This chapter presents the structural design, simulation, device fabrication 
processes and performance characterization of the proposed MEMS micro-scanner, 
which basically comprises of a pair of in-plane electrostatic micro-actuators with a 
two-stage double T-shaped spring beam mechanism and a suspended rotational 
pyramidal polygonal micro-reflector. A near-360° optical scan angle and a rapid 
response time of 14 ms have been experimentally demonstrated. 
        Section 5.1 gives a brief introduction to the theoretical design, modeling and 
FEM simulation of the mechanical structure of the electrostatically-actuated MEMS 
mechanism. Section 5.2 describes the detailed processes used to fabricate the 
microactuators and pyramidal polygon micro-reflector followed by the process of 
assembling these two parts together. Section 5.3 demonstrates the characterization of 













Figure 5.1 (a) Schematic of the proposed electrostatic MEMS micro-scanner 
integrated OCT probe, (b) electrostatic in-plane rotational MEMS micro-scanner, (c) 
the schematic for realizing full circumferential scan  
5.1 Device Design 
5.1.1 Structure Design of Rotational Mechanism 
Figure 5.1 (a) shows the schematic of the proposed MEMS-based micro-scanner. An 
electrostatic type MEMS-driven in-plane rotational platform is the actuation part, 
which has two lines of bidirectional-movable comb drives on the two sides (Figure 
5.1 (b)).  A ring-shaped holder is suspended in the center by a two-stage double T-
shaped spring beams mechanism. In order to realize light scanning, an eight-slanted-
facet pyramidal polygon micro-reflector is mounted on the ring-shaped holder. The 
translational movement of the two lines of comb drives in opposite directions results 
in the rotation of the central suspended ring-shaped holder and thus realizes the light 
scanning if it were illuminated by an external laser source. During operation, the 
pyramidal polygonal micro-reflector can be driven to rotate clockwise and anti-
clockwise by the electrostatic actuators as schematically shown in Figure 5.1 (c). If a 




clockwise and anti-clockwise directions, circumferential scanning (22.5°×2×8=360°) 
can be realized. 
 
Figure 5.2 Working principle of the MEMS micro-actuator 
        Figure 5.2 shows the working principle of the two-stage double T-shaped spring-
beam mechanism electrostatic MEMS microactuator. The ring-shaped holder is 
connected to a pair of electrostatic comb-drive actuators (the movable fingers of 
which is suspended by the folded-beam supporting structure) using a double T-shaped 
two-stage beam mechanism. With this particular design, the translational movement 
provided by the micro-actuator is eventually translated into rotation of the ring-shaped 
holder about an equivalent pivot point. At the same time, compared with direct 
connection, the first stage T-shaped beam configuration (labeled a and b in Figure 
5.2) can help to release the deformation-induced stress at the anchor point of the 




and reducing undesirable nonlinear effects. The introduction of the second stage T-
shaped beam configuration (b and c) helps to translate and amplify the deformation of 
the first stage T-shaped spring to the spring c. When the driving voltage V1 is applied, 
and whilst V2 is kept at zero, the ring-shaped holder will be actuated to rotate counter-
clockwise, and vice versa. 
5.1.2 Theoretical Study of the Two-stage Double T-shaped Spring Mechanism 
Figure 5.3 (a) shows the simplified model of the two-stage double T-shaped beam 
mechanism together with the ring-shaped holder, in which the holder is treated as a 
rigid body with rotational degree of freedom only. When an external force Fa is 
applied onto this T-shaped beam mechanism, the free-body diagrams of each 








Figure 5.3 Simplified model for the two-stage double T-shaped beam spring 
mechanism of (a) the whole system and (b) the individual components 
        Under this external force, all the beams will be deformed (mainly bending 
deformation), therefore creating bending energy in the beam bodies, which can be 
described by [156] 
Component 1: 
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        Considering the force and moment equilibrium of the structure, we get 
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        Substituting Eq. (5.2) into Eqs. (5.3), (5.4), (5.5), (5.6), (5.7), (5.8) and (5.9), 
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Component 6: 
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Component 2: 
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Component 3: 









                                                         (5.6) 
Component 5: 
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Component 4: 
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                                                           (5.10) 
where E is the Young’s modulus of structural material, I is the moment of inertia of 
the beam structure, which is dependent on the beam width w and thickness h, and R is 
the radius of the central ring-shape holder. 
        Substituting Eq. (5.1) into Eqs. (5.3), (5.4), (5.5), (5.6), (5.7), (5.8) and (5.9), 
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        As a result, the total bending energy in the two-stage double T-shaped spring 
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        The resultant deflection δ can be deduced by performing the first order 
differentiation of Utotal with respect to the external force F, i.e. 
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        It can be seen that the equivalent spring constant of this two-stage double T-
shaped spring beam mechanism k can be expressed by, 
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We then get  
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        At the same time, the resultant rotation angle of the central ring-shape holder θ 
can be calculated using beam deflection function [157], 
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        After analyzing the two-stage double T-shaped beam mechanism, the model for 
the whole system involving the folded-beam suspension for the actuator is built as 
shown in Figure 5.3(a), in which the folded-beam suspensions are represented by 















                                                (5.20) 
where l and wf are the length and width of the folded-beam, respectively. 
        For further simplification, the whole system can be treated as a spring system as 
given in Figure 5.3(a). It is obvious that when the electrostatic driven force Fa is 
applied at both sides, the resultant force F exerted on the T-shaped beam (namely k) 
can be deduced to be 

















  (N is the number of finger pairs of the comb-drive micro-
actuator, ε0 (=8.85×10
-12 
F/m) is the vacuum permittivity, εr (=1) is the relatively 
permittivity of air, V is the applied voltage, h and g are the finger thickness and gap, 
respectively. 
        Combining Eqs. (5.18), (5.19), (5.20) and (5.21), the resultant rotational angle of 
the central ring holder can be calculated. 
        In the current design, all the structures are fabricated using an SOI wafer with a 
25 µm-thick device layer, ie all the structure thicknesses are equal to 25 µm. 
Consequently, the structural dimensions of the folded-beam suspension are first 
determined to be 800 µm long (l) and 6 µm wide (wf) to achieve a moderate value of 
in-plane spring constant along the movement direction whilst providing sufficient 
support in the out-of-plane direction, according to our previous experience. At the 
same time, a comb-drive actuator with 372 pairs of fingers and 2 µm finger gap is 
adopted. From Eq. (5.19), it can be seen that a smaller width (w) of the T-shaped 
beam mechanism will result in a larger rotational angle. However, with the decrease 




affecting the operational stability of the ring-shaped holder.  Moreover, a design with 
too small a beam width will present a challenge to successful fabrication as well as 
high yield. As a trade-off, the beam width of the T-shaped structure is selected to be 3 
µm. Calculations of the resultant rotational angle with different lengths of central bar 
(l3) and central spring (l4) show that most of the corresponding lengths of T-spring 
vertical beam (l1) and the horizontal beam (l2) to the peak value are located in the 
range of 150-250 μm. In order to simplify the computation, l1 and l2 are selected to be 
200 μm.  
        Figure 5.4(a) shows a sample contour of the function of resultant rotational angle 
with the variables of central bar (l3) and central spring (l4) when T-spring vertical 
beam length (l1) and the horizontal beam length (l2) are selected as 200 μm and 200 
μm respectively. The two-axis relationship curves of resultant rotation angle of the 
ring-shaped holder under different structure designs of the central bar spring 
mechanism under an applied 100 V DC are demonstrated in Figure 5.4(b), from 
which  1000 μm and 800 μm are deduced to be the optimized values for the central 
bar (l3) and central spring (l4). After reaching a maximum point (of around 20.5º), 
further increasing the length of the central bar (l3) and central spring (l4) will inversely 
reduce the resultant rotation angle at a relatively rapid rate. This is due to the 
limitation of the deformation compliance of the two-stage double T-shaped spring 








Figure 5.4 (a) Sample contour of the resultant rotation angle with the variable of l3 
and l4, (b) Curves of resultant rotation angle of the ring-shaped holder under different 






Figure 5.5 Simulation results for the proposed two-stage double T-shaped spring 
beam mechanism 
Table 5.1 Material properties used in the simulation   
Material  Parameter Value 
Silicon 
 Young’s Modulus    169 GPa 
     Poisson’s Ratio       0.28 
       Density           2330 Kg·m-3 
 
Using the material properties in Table 5.1 and the geometrical dimensions in Table 
5.2, the equivalent model of the device is built and analyzed using ABAQUS 
software. For simplification, an electrostatic driven force equivalent to 100 V 
actuation voltage is directly applied to the model during the analysis. Figure 5.5 
shows the simulation results for the case of clockwise actuation, from which the in-
plane rotation of the ring-shaped holder about the virtual center pivot caused by the 




calculated to be 18.3º under a comb drive stroke of around 38 μm, which agrees well 
with the theoretical analysis result of 20.5º in Figure 5.4. 
Table 5.2 Final structure dimensions adopted in current device design   
Item Dimension 
Comb drive actuator 
Finger pairs:372 
Finger gap: 2 µm 
Finger width: 5 µm 
Folder beam suspension 
Length: 800 µm 
Width: 6 µm 
T-shaped beam suspension 
Length of vertical beam (l1): 200 µm 
Length of horizontal beam (l2): 200 µm 
Beam width: 3 µm 
Central Spring mechanism 
Length of central bar (l3): 1000 µm 
Length of central spring (l4): 800 µm 
Beam width: 3 µm 
Ring-shaped holder 
Inner diameter: 140 µm 
Outer diameter: 240 µm 
 
5.2 Device Fabrication 
5.2.1 MEMS Actuator Fabrication 
The proposed MEMS electrostatic microactuator is fabricated using a commercial 
foundry process called SOIMUMPs (MEMSCAP, USA). It begins with a blank 
double-sided polished SOI wafer; the top surface of the silicon layer is doped by 
depositing a phosphosilicate glass (PSG) layer and annealing at 1050°C for 1 hour in 
Argon (Figure 5.6(a)). The thicknesses of device layer, buried oxide and substrate are 
25 µm, 1 µm and 400 µm, respectively. After that, a metal stack of 20 nm of chrome 
and 500 nm of gold is patterned through a liftoff process to form electrical connection 
pads (Figure 5.6(b)). Subsequently, using a standard photolithography process, the 
desired structure patterns, including the actuator, the folded- beam and the T-shaped 
suspensions and the ring-shaped holder, are fabricated into a photo resist layer, acting 




device layer with one-step DRIE etching (Figure 5.6(c)). Next, a frontside protection 
material is applied to the top surface of the silicon layer (Figure 5.6(d)). The wafers 
are then reversed, and the substrate layer is lithographically patterned and this pattern 
is then etched into the bottom side oxide layer using Reactive Ion Etching (RIE). A 
DRIE silicon etch is subsequently used to etch these features completely through the 
substrate layer that is under the movable structure region as shown in Figure 5.6(e). A 
wet oxide etch process is then used to remove the exposed buried oxide layer (Figure 
5.6(f)). Finally, the frontside protection material is stripped in a dry etch process to 
totally release the whole device (Figure 5.6(g)).  
 
Figure 5.6  Fabrication process flow for the actuator (a) Phosphosilicate glass layer 
(PSG) deposition and bottom side oxide layer deposition, (b) Front side photoresist 
coating and lithographically pattern, and 20 nm chrome/500 nm gold deposition by e-




patterning by deep reactive ion etching (DRIE), (d) Front side protection material 
coating on the top surface, (e) Backside oxide layer is removed by reactive ion 
etching (RIE) and trench is formed by DRIE, (f) Wet oxide etch process to remove the 
backside oxide, (g) Front side protection material is stripped using a dry etch process. 
 
Figure 5.7 Scanning electron microscope (SEM) image of the as-fabricated 
electrostatic based MEMS micro-actuator 
        Figure 5.7 is an SEM image of the fully-released MEMS micro-actuator. The 
inset on the top left corner is the zoom-in image of the ring-shaped holder that is 
driven to rotate by the flexure beams attached to it. An image of the comb-drive 
actuator and folded-beam suspension are shown in the bottom right corner inset. 
5.2.2 Fabrication of Pyramidal Polygon Micro-reflector  




reflector, as summarized in Figure 5.8, combines high-precision single-point diamond 
machining on a copper (Cu) substrate and the soft lithographic replication process 
with an elastomeric material known as PDMS. Firstly, the required mold is produced 
by diamond machining methods (inset in Figure 5.8). The reverse of the mold will be 
replicated through a cycle of soft lithography and that serves as a PDMS mold for the 
next cycle of soft lithography. Liquid PDMS prepolymer (Sylgard 184 silicone 
elastomer - a base and curing agent of Dow Corning Corp - mixed in a 10:1 weight 
ratio) is poured onto the surface of the copper mold. After complete curing in an oven 
at 60°C for 2 hours, this thick PDMS substrate with the pyramidal polygon cavity 
pattern is peeled off. Meanwhile, the positioning pillar of the polygon is patterned on 
the SU8 (SU-8 2025, MicroChem Corp.) layer, which has been pre-spun onto the 
surface of a 4-inch polished silicon wafer. Then, the inverse of the pillar pattern 
(cylindrical pillar) of 80 μm height is transferred from the SU-8 mold to a second 
PDMS mold. This PDMS mold is also carefully peeled from the mold substrate with 
the assistance of isopropyl alcohol (IPA) solution whereupon it is fully cured in the 
oven. Subsequently, a droplet of optical adhesive (Norland optical adhesive 83H, 
EDMUND) is applied on the surface of the cylindrical cavity that is pre-defined in the 
secondary PDMS mold. This cylindrical cavity defines the shape of the positioning 
pillar of the polygon reflector. There are also two other punched holes nearby to serve 
as alignment marks to precisely fix the relative positions of the polygon block and the 
pillar beneath. After that, the first layer of the PDMS mold of the polygon cavity is 
bonded with one of the cylindrical cavities. Thus, the shape of the whole micro-
pyramidal polygon is defined by the optical adhesive that is trapped in the polygon-
cylindrical cavity. The optical adhesive droplet fully cures in two minutes after it is 




Following this, the tough micro-pyramidal polygon replica is peeled off from the 
PDMS substrate. Finally, a 2000 Å-thick Au layer is deposited onto the pyramid 
polygon surface, by means of E-beam evaporation, to enhance its reflectivity. 
 
Figure 5.8 The fabrication process flow of eight-slanted-facet pyramidal polygon 
micro-reflector  





Figure 5.9 The set-up for assembly and schematic of device assembly. 
After the eight-slanted-facet pyramidal polygon micro-reflector and the electrostatic 
micro-actuator have been fabricated, they are assembled manually (as shown in 
Figure 5.9). The microactuator chip is manually placed on top of the polygonal 
reflector and held with a vernier caliper with the actuator facing down. The position 
of the vernier caliper can be adjusted in both transverse and longitudinal in-plane 
directions as well as vertical out-of-plane direction by a three-axis high-precision 
positioning stage. Next, the circular ring-shaped holder of the actuation mechanism is 
aligned under a microscope to confirm that the mounting hole and the connection 
pillar are concentric before the actuator chip is lowered and the connection pillar 
inserted into the circular ring-shaped holder. Finally, the pillar and the circular ring-





Figure 5.10 (a) The scanning electron microscope (SEM) image of the assembled 
MEMS electrostatic micro-scanner, (b) assembled MEMS micro-scanner with large 
size pyramidal polygon micro-reflector. 
        Figure 5.10 (a) shows a scanning electron microscope (SEM) image of the 
device after assembly. Restrict to the geometrical shape of the polygon, the large light 
spot will shift from one slanted facet to another one if the rotation angle was too large. 
This will result in the degradation of the optical quality. In order to address this 
problem, a MEMS device with large size eight-slanted facet pyramidal polygon 
micro-reflector is developed as shown in Figure 5.10 (b). 
5.3 Experiment Procedure and Results 
 
Figure 5.11 Measured rotation angle-applied voltage and comb drive stroke- applied 
voltage curves   
The stroke of the comb drive and rotation angle of the central ring-shaped holder 
under different driving voltages are characterized. During the test, a maximum 




operation. From the experimental results shown in Figure 5.11, it can be observed that 
at a voltage of 100 V, the comb drive can achieve a maximum translational 
displacement of 38 μm whilst the central ring-shaped holder can be gradually driven 





Figure 5.12 (a) Setup of transient response experiment, (b) Measured transient 




        Besides the static characterization of the MEMS microactuator, the transient 
response of the assembled MEMS device is also measured by connecting an AC 
Function/Arbitrary waveform generator (Agilent 33522A), a voltage Amplifier 
(A400D) and a digital oscilloscope (DL1520) to it. A position sensitive detector 
(PSD) (as shown in Figure 5.12(a)) is utilized to detect the light trajectory scanned by 
the MEMS micro-reflector. A square wave with 22 Hz frequency, 120 Vpp voltage, 
and 50% duty cycle is applied onto the sets of comb drive actuators that can drive the 
polygon micro-reflector to rotate clockwise.  
        The output of the detector together with the driving signal is directly captured by 
an oscilloscope in real time as shown in Figure 5.12(b). The times taken for the 
detector to attain 90% values from 10% are measured to be around 82 ms and 96 ms. 
Compared with the electrothermal actuation - based MEMS micro-scanner developed 
and presented in chapter 4, this relatively fast response (70 Hz) undoubtedly makes 
the current device more competitive. 
 
Figure 5.13 The applied voltage-optical scanning angle curve, laser scan trace lines 




        Figure 5.13 is the optical scanning angle vs. applied voltage curve. To 
demonstrate the circumferential scanning capability, the MEMS device is driven into 
an oscillatory motion using an AC Function/Arbitrary waveform generator (Agilent 
33522A) and a voltage Amplifier (A400D). A laser beam illuminates the micro-
pyramidal reflector from above. The reflected beams from the slanted facets of the 
reflector project eight laser spots onto a cylindrical screen when the device is 
stationary. The device is then driven to oscillate by applying a sinusoidal input 
voltage with amplitude of 80 Vpp and a frequency of 40 Hz. The captured scanning 
trace lines are shown in the inset of Figure 5.13. Due to the limitation of the camera 
shooting angle, only half the scan lines are visible in the figure. It is observed that 
under such a driving condition, a near-360° circumferential scanning range can be 
obtained. 
5.4 Conclusion 
A novel MEMS micro-reflector based on electrostatic actuation that is aimed at 
achieving near-360° light beam scanning for OCT purposes has been successfully 
developed. It consists of a pair of electrostatically-driven comb-drives to actuate a 
two-stage double T-shaped spring beam mechanism and an eight-slanted-facet 
pyramidal polygonal micro-reflector with highly reflective surfaces. The polygon 
micro-reflector is developed using high precision diamond turning and soft 
lithography technologies. The two-stage double T-shaped beam spring mechanism 
translates the translational movement of the electrostatic actuator into in-plane 
rotation of the central suspended ring-shaped holder which holds the micro-reflector. 
This two-stage structure also provides displacement/angular amplification. During 




angle of around 20° in clockwise or counter-clockwise direction. Tests using light 
illuminated on the rotational polygon micro-reflector verified that a near-360° 
circumferential scanning can be realized. At the same time, the response time of 
current device is measured to be 14 millisecond representing greatly improved 
performance over previous designs and good potential for the applicability of the 
device. In summary, it is possible to achieve miniature and compact FS-EOCT probes 
with the proposed opto-mechanical configuration utilizing a MEMS-driven micro-
reflector as a light manipulator. At the same time, the high surface temperature 





Electrostatic Resonating MEMS micro-scanner 
Based on the configuration of the EOCT probes described in chapters 4 and 5 (as 
shown in Figure 6.1), it is proposed to develop an electrostatic actuation based 
resonating MEMS micro-actuator. This type of device is envisaged to have the 
advantages of lower power consumption and higher scanning speed while maintaining 
the same scanning range of the previous designs. It makes use of a pyramidal polygon 
micro-reflector with eight-highly-reflective-slanted-facet developed in chapter 5 to 
realize a one - part MEMS micro-scanner. Not only a circumferential tissue image 
may be reconstructed by recording the data from eight - fiber optic “channels” 
sequentially or simultaneously, but also a more stable scanning motion and higher 
scanning speed could be attained by employing the resonating electrostatic actuation 
based MEMS micro-scanner developed in this chapter.  
        Section 6.1 describes the theoretical study on the system vibration modeling of 
the resonating MEMS structure and the simulations of the dynamic performance of 
this MEMS structure. The fabrication processes of the MEMS microactuators and the 
pyramidal polygon micro-reflector are introduced in section 6.2. Subsequently, 
section 6.3 demonstrates the characterization of resonating MEMS device. Finally, 





Figure 6.1 Schematic of the proposed electrostatic resonating MEMS micro-scanner 
integrated OCT probe 
6.1 Device Design 
6.1.1 Theoretical Modeling 
Figure 6.2(a) shows the schematic working principle of the in-plane electrostatic 
actuation based resonating MEMS micro-scanner. Four sets of electrostatic comb-
drive resonators are attached symmetrically opposite to the ring-shaped holder 
through one flexural beam each. Each single beam flexure has a pair of stress 
alleviation beams connected perpendicularly, which is used to reduce its axial stress 
during large deformation. The highly - reflective pyramidal polygon micro-reflector is 





Figure 6.2 Working principle of the electrostatic actuation based resonating MEMS 
polygonal micro-scanner 
        The dynamics of the micro-scanner can be considered to be a two degree-of-
freedom (DOF) vibration system. Here, the following assumptions are made to obtain 
a simple dynamic model of the system: 
(1) The dynamic model of the system is linear under small deformations. 
(2) Mass of all the flexure suspensions in the system is ignored and only the moment 
of inertia of the polygon micro-reflector and the mass of the micro-resonator are 
considered. 
(3) Stress alleviation beams are considered to be ideal, which can release the axial 
stress but not reduce the spring constant of the single beam flexure. 
(4) Polygon micro-reflector and micro-resonators are treated as rigid-body. 




mass vibration system. 
        During vibration, the total kinetic energy of the system is: 
                              2 2 2 2
1 1 1
= 4 + = 2 +
2 2 2k
E m x J θ mx Jθ                                  (6.1) 
        To calculate the potential energy of the suspension beam under deformation, 
consider the stiffness matrix of a single beam. Figure 6.3 shows the local variables 
defined for a single suspension beam. 
        The stiffness matrix of the above beam is: 
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where L is the length, I is the moment of inertia and A is the cross-sectional area of 
the beam and E is the Young’s modulus of the material. 
        The corresponding vector of local variables is then: 
                                                
T
1 1 1 1 1 1u u v u v                                          (6.3)  
        Figure 6.3 shows the vectors of local variables for both connection beam and 
supporting beam. 
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        The potential energy of the system is then: 
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        Applying the Lagrange formulation, the linear model of the system is obtained 
as: 
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nf: number of folded beam suspensions in each micro-resonator; nc: number of 
connection beam suspensions; k0: spring constant of each folded beam suspension; 
kc1: coupling spring constant for resonator; c1:rotational to translational motion 
coefficient; kc2: coupling spring constant for pyramidal polygon micro-reflector; 
c1:translational to rotational motion coefficient; kθ: spring constant for polygon micro-
reflector; Ic, If: area moment of inertia of connection spring and folded beam 




density of silicon. 
        The natural frequencies and mode shapes for 1st vibration modes are obtained 
from Eq. (6.6). These are used to get a preliminary estimate of the vibration 
characteristics of the system. 
6.1.2 Mechanical Design and Simulation 
 
Figure 6.4 Schematic of the MEMS micro-scanner structure 
In this design, the rotational motion of the central ring-shaped holder is excited by the 
symmetric translational linear motions of the electrostatic comb-drive micro-actuators 
through flexural beams, which results in the rotation of the pyramidal polygon micro-
reflector (as shown in Fig 6.4). Compared with the method of directly driving the 
polygon by electrostatic circular comb-drive actuators, the rotation range will in this 
case not be decided by the displacement range of the driving actuator but by the 
design of the mode shape. The mode shape can be designed by properly choosing the 
mass of the micro-resonator and the stiffness of the suspension springs. Consequently, 
there is good potential to achieve high frequency scanning with large scanning 





Table 6.1 Material properties used in the simulation   
Material Silicon 
Norland Optical Adhesive 
83H 
Young’s Modulus 169 GPa         1.103 GPa 
       0.3 
            1100 kg·m-3 
Poisson’s Ratio 0.28 
Density 2330 kg·m-3 
 
Figure 6.5 FEM simulation result of the electrostatic actuation resonating MEMS 
micro-scanner 
        The suspension flexural beams are designed easy to achieve large deformation 
and the appropriate mode shapes. Four main flexural beams (1430 μm long and 4 μm 
wide) are adopted. One pair of beams with length 500 μm and width 4 μm are 
perpendicularly connected to each main flexural beam to alleviate stress. Each comb-
drive resonator is suspended by four sets of folded beam suspensions with beams of 
width 4 μm and length 480 μm. There are 160 movable fingers in each set of 
resonator at the sides, with finger width 5 μm, finger length 50 μm, finger gap 2 μm, 




material used for the micro-actuator and polygon micro-reflector are single crystal 
silicon and UV curable optical adhesive respectively (the material properties used in 
the simulation are shown in Table 6.1). Figure 6.5 shows the vibration mode shape 
obtained through the harmonic response analysis carried out using finite element 
software ABAQUS. The ±18.98° rotational angle of the polygonal micro-reflector is 
predicted to be achieved at a drive frequency of 160.7 Hz. 
6.2 Fabrication 
6.2.1 MEMS Micro-actuator Fabrication 
 
Figure 6.6 Fabrication process flow for the actuator (a) Phosphosilicate glass layer 
(PSG) deposition and bottom side oxide layer deposition, (b) Front side photoresist 
coating and lithographically pattern, and 20 nm chrome/500 nm gold deposition by e-




patterning by deep reactive ion etching (DRIE), (d) Front side protection material 
coating on the top surface, (e) Backside oxide layer is removed by reactive ion 
etching (RIE) and trench is formed by DRIE, (f) Wet oxide etch process to remove the 
backside oxide, (g) Front side protection material is stripped using a dry etch process. 
The MEMS resonating electrostatic microactuator is fabricated using a commercial 
foundry process called SOIMUMPs (MEMSCAP, USA). The fabrication processes 
have been described in detail in chapter 5. Figure 6.7 shows the fully released MEMS 
micro-actuator. The inset on the top right corner is the zoom-in image of the 
suspended ring-shaped holder, and the four-side flexure beams which will drive it to 
rotate accordingly. The images of comb-drive resonator and stress alleviation beams 
that are perpendicularly connected to the main flexure beam are shown in the bottom 
left corner inset. 
 
Figure 6.7 Scanning electron microscope (SEM) image of the as-fabricated 




6.2.2 Pyramidal Polygon Micro-reflector Fabrication 
 
 
Figure 6.8 (a) The refined diamond turned mold of the eight-slanted-facet pyramidal 
polygon, (b) Surface roughness of the slanted facet of the mold, (c) Surface roughness 
of the slanted facet of the fabricated polygon micro-reflector. 
The fabrication process flow of the eight-slanted-facet pyramidal polygon micro-
reflector has been introduced in detail in chapter 5. A refined diamond turned mold of 




tipped tool bits and adjusting the speed of rotary transfer is as shown in Fig. 6.8 (a). 
The surface roughness of the diamond turned mold and the slanted facet of the Au 
coated polygon micro-reflector measured by an optical interferometer made by 
WYKO are as shown in Figs .6.8 (b) and (c) respectively. The scattering light caused 
by the micromirror due to the surface roughness is estimated [158] as  
                                              
2




                                                   (6.7) 
where Ptot is the total flux of incident light, Pscat is the flux of light scattered, λ is the 
wavelength, θi is the incident angle, and σ is the root-mean-squared (RMS) surface 
roughness. Assuming that the scattering light accounts for the major optical power 
loss, the insertion loss the diamond turned slanted facet is calculated less than 0.2 dB 
at the wavelength of 1.55 μm. The average roughness and root-mean-square 
roughness of the diamond turned mold are 7.02 nm and 9.02 nm respectively, while 
them of PDMS casted polygon micro-reflector with Au coating are 48.95 nm and 
61.90 nm respectively. The discrepancy of the roughness between the diamond turned 
mold surface and the PDMS casted polygon micro-reflector surface is mainly 
attributed to the thermal cycle and UV irradiation involved in the fabrication process. 
For most applications, flat micromirrors with surface roughness < λ/10 are desired. 
Since the near-infrared light source of wavelengths ranges from 930 nm to 1550 nm 
are utilized for OCT application, the surface quality of the slanted facet of the 
diamond turned mold and the PDMS casted polygon micro-reflector are satisfactory 
for mirror use. 
        Figure 6.9 shows a scanning electron microscope (SEM) and optical images of 





Figure 6.9 The scanning electron microscope (SEM) and optical images of the 
assembled electrostatic actuation resonating MEMS micro-scanner.  
6.3 Experimental Results 
The performance of the electrostatic actuation based resonating MEMS micro-scanner 
is tested with a laser diode (having wavelength of 635 nm). The experimental setup is 
schematically illustrated in Fig. 6.10. The optical scan angle is determined by 
measuring the length of the laser scanning trajectory on a cylindrical projection 
screen. The frequency response of the MEMS micro-scanner is obtained by sweeping 
through the frequencies of the driving signal. Figure 6.11 shows the relationship 
between the measured optical scanning angle and input signal frequency. With driving 
voltage fixed of 80-V ac peak-to-peak, the resonating MEMS micro-scanner is able to 
scan at a frequency of 180 Hz with an optical scan angle of 240°. This shows good 
agreement between the FE simulation (±18.98° rotational angle at drive frequency of 
160.7Hz) and measurement results. The deviations between the FE simulation and 
experimental values are mainly attributed to the imperfections of the fabrication 




conditions for the suspension flexures. Laser trajectory experiment is carried out to 
verify the capability of circumferential scanning. An external laser beam is introduced 
and illuminated from above of the micro-pyramidal reflector of the MEMS device. 
Then the device is driven into an oscillatory motion by an external amplified voltage 
signal. The reflected beams from the slanted facets of the reflector project eight laser 
spots on a cylindrical screen when this device is stationary. When it is driven to 
oscillate under sinusoidal input signal with voltage of 80 Vpp and frequency of 180 
Hz, eight scanning trace lines can be observed on the cylindrical screen as shown in 
Fig. 6.12. It is obvious that, though there are also gaps between each two lines, a near-
360° circumferential scanning range can be attained in this working condition. 
 
Figure 6.10 Schematic of the experimental setup for the electrostatic actuation based 





Figure 6.11 The frequency-optical scanning angle curve; insets are the scanning 
motion image of the micro-scanner. 
 
Figure 6.12 Laser points when device is at rest and laser scan traces when device is 
driven into an oscillatory motion. 
6.4 Conclusion 




mirror micro-reflector capable of near-360° light beam scanning for OCT applications 
has been successfully developed. By the investigation of dynamic performance of the 
electrostatic MEMS device, a micro-actuator with the structure of four sets of 
electrostatic comb-drive resonators, four long easy deform flexural beams and a 
central suspended eight-slanted-facet pyramidal polygonal micro-reflector. The 
polygonal micro-reflector is developed by the polymer based reflector fabrication 
process developed in chapter 5. A 240° optical angle is successfully measured when 
the device is oscillating under a sinusoidal input voltage with 80 Vpp and a frequency 
of 180 Hz. During experiment, besides the near-360° circumferential scanning trace 




















Conclusion and Future Research Work 
7.1 Conclusion 
In this thesis, several bimorph electrothermal, Chevron-beam electrothermal and 
electrostatic MEMS micro-scanners have been developed for optical coherence 
tomography (OCT) applications. Specifically, a bimorph electrothermal MEMS 
micromirror - SiOB integrated OCT probe has been tested and demonstrated potential 
for in vivo biological imaging applications. The mechanical and optical properties of 
all of the four MEMS micro-scanners have been investigated extensively. The 
theoretical study of the static behavior of an electrostatic two-stage double T-shaped 
spring mechanism based MEMS micro-scanner and the dynamic behavior of an 
electrostatic actuation resonating MEMS micro-scanner have also been presented. 
        Regarding the prototype of the home-made OCT probe, a two-axis bimorph 
electrothermal actuation based MEMS micromirror was selected and designed as 
optical manipulator. This 3 mm-diameter OCT probe was, in turn, integrated with a 
commercial OCT for image capturing. It was found that a deflection angle of 11° can 
be achieved at a driving voltage of less than 2 V by the MEMS micromirror. This 
performance correlates well with the simulation results predicted by finite element 
modeling (FEM) software. Compared with the 500 μm-diameter MEMS micromirror 
that developed before, better optical reflectance efficiency was obtained. This is 




(restrained by thermal response time) of about 75 Hz is found to be generally 
applicable to obtain real-time 2D OCT images. In addition, we also investigated (1) 
the effect of curvature of the mirror platform on the optical performance of the OCT 
system, (2) the influence of housing shape on image astigmatism and its replacement 
with a toroidal-lens type of housing in an attempt to alleviate the undesirable effect, 
and (3) an ex vivo image capturing experiment. The preliminary results have 
successfully demonstrated the engineering concept and feasibility of the MEMS OCT 
probe for tissue diagnostics.  
        In order to realize full circumferential scanning (FCS), a novel electrothermal 
microactuator based MEMS platform to achieve near-360° light beam scanning for 
OCT purposes has been successfully developed. It consists of a pair of two-stage 
cascaded chevron-beam electrothermal actuators and a micro-pyramidal polygon 
reflector with high reflectivity. A large mechanical in-plane rotation angle of around 
41° of the micro-reflector, a transient response of less than 100 ms and a 328° 
circumferential scanning range have been experimentally demonstrated by the current 
prototype. It is thus feasible utilizing the MEMS-driven micro-reflector as a light 
manipulator to achieve miniature compact FS-EOCT probes with the proposed opto-
mechanical configuration. At the same time, existing problems such as degradation of 
imaging performance due to mirror deformation induced by residual stress have been 
alleviated, which is attributed to the employment of the polygon block as reflector. 
        To achieve a large scanning range but yet limit the power consumption so that its 
surface temperature is not too high, an electrostatic actuation based MEMS micro-
scanner has been developed. By using a two-stage double T-shaped spring beam 
mechanism and an eight-slanted-facet pyramidal polygonal micro-reflector with 




same time, the response time of the proposed device was measured to be 14 
millisecond, representing greatly improved performance over previous designs and 
demonstrating good potential for its applicability. It is thus possible to achieve 
miniature and compact FS-EOCT probes that does not exhibit high surface 
temperatures. 
        To achieve better scanning motion stability and potentially higher scanning 
speeds, an electrostatic actuation based resonating microelectromechanical systems 
(MEMS) polygonal mirror micro-scanner has been developed as well. Microassembly 
technology is utilized to construct this device, which consists of a micro-actuator of 
four sets electrostatic comb-drive resonators and an eight-slanted-facet-highly-
reflective pyramidal polygon micro-reflector. An optical scan angle of near-360 
degrees was achieved at a resonant frequency of 180 Hz when driven by electrostatic 
comb-drive resonators with 80 Vpp ac voltage. 
7.2 Future Research Work 
The large scanning ranges of MEMS micro-scanners provide the feasibility of 
reducing sampling errors in optical biopsy. The newly - developed pyramidal polygon 
MEMS micro-scanner described in this thesis is capable of 2D full circumferential 
scanning but not longitudinal direction scanning. One way to obtain 3D images is to 
incorporate an external linear motor to the OCT probes that use this type MEMS 
micro-scanner as an optical manipulator.   
        The high surface temperature of the chevron beam actuator based MEMS micro-
scanner makes it incompatible to the clinic applications, so the electrostatic actuator 
based polygonal MEMS micro-scanner will be good candidates for EOCT probe. 




probe design for the newly - developed pyramidal type MEMS micro-scanner. The 
overall diameter still needs to be reduced further to facilitate its entry into small 
internal channels in the human body. New assembly methods for placing the optical 
components such as the GRIN lens and the MEMS micro-scanner should be taken 
explored and studied.  
        The current experiments conducted using the bimorph MEMS micromirror type 
OCT probe is mainly in-vitro, i.e. the specimen was examined when detached out of 
the body. In order to achieve accurate results, real in vivo experiments by bimorph 
MEMS based OCT probe and pyramidal – type MEMS micro-scanner based OCT 
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